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Manatees are herbivorous aquatic mammals found in the coastal and inland waters of the Atlantic
Ocean. All three manatee species are currently listed as vulnerable on the IUCN red list and there still
remains much unknown about their ecology. It is currently unknown what sensory modalities manatees
use to locate their food in the wild. A literature review of the Paenungulata clade (sirenians,
proboscideans, and hyracoideans) was conducted in order to compare and contrast what is known about
the sensory modalities of the clade, to better understand the sensory modalities of manatees, particularly
the ones they use to locate their food. Manatees have a higher frequency range for hearing than elephants,
who have the best low-frequency hearing range known to mammals; hearing range of hyrax is unknown.
All members of Paenungulata have vibrissae assisting in tactile abilities and potentially compensate for
other senses such as hearing or vision. The ability to smell in manatees and hyrax is unknown, but
elephants have been found to have an excellent sense of smell. Manatees, elephants, and hyrax have
dichromatic vision. A preliminary experiment was designed to test manatee feeding modalities in the
wild. The objectives of this study were to determine if the proposed methodology, modified for an aquatic
environment from Renda & Roux (2017), was capable of testing manatee sensory use by limiting the
sensory cues provided. Sensory modalities used in locating food were tested in two ways: when they

know where the food is located, within a short distance, and when the food is placed randomly throughout
their habitat, at long distances. In this study, we were able to show that the experimental design works,
and provide preliminary data. In the short distance dichotomous choice trials, the percent of correct
choices were 67% for the chemoreception + vision, 60% for chemoreception only, and 60% for vision
only, with 50% being the rate of chance. For long distance experiments, the mean minimum time in
hours it took manatees to consume the food placed randomly along their habitat of San San-Pond Sak
River, Panama was 12.0 hours for chemoreception + vision, more than 22 hours for chemoreception only,
and 6.89 hours for the control (no box). Due to the small sample size, no definitive conclusion could be
made as to which sensory modality manatees use to find food, but our results support the idea that
manatees use multiple modalities, chemoreception + vision, to locate food. Additional trials are needed in
order to perform statistical analysis on the data.
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CHAPTER 1
INTRODUCTION
The order Sirenia consists of manatees and dugongs, of which there are four extant
species within two families. Three species of manatees are found within the family Trichechidae:
the West Indian manatee (Trichechus manatus), the Amazonian manatee (Trichechu inunguis),
and the West African manatee (Trichechus senegalensis). The West Indian manatee can be split
into two subspecies, the Florida manatee (T. m. latirostris) and the Antillean manatee (T. m.
manatus); (Domning & Hayek, 1986). One living species of dugong is found within the family
Dugongidae, the dugong (Dungong dugon); (Marmontel, de Souza, & Kendall, 2016; Marsh,
O’Shea, & Reynolds, 2011).
The range of habitats of West Indian manatees is the most extensive including marine,
estuarine, and freshwater habitats; from the eastern coast of the United States south to Brazil
(Deutsch et al., 2008; de Meirelles et al., 2018). The Florida manatee is commonly found along
the Atlantic coast of the United States and in the Gulf of Mexico while the Antillean manatee is
found from the Bahamas, Cuba and Puerto Rico, south to Brazil (Reynolds et al., 2018).
Amazonian manatees live in freshwater habitats throughout the Amazon River basin and are the
only entirely freshwater species of manatees (Denkinger, 2010; Marmontel, de Souza, &
Kendall, 2016). West African manatees are found off the western coast of Africa from
Mauritania down to Angola (Gonzalez-Socoloske & Olivera-Gomez, 2012; Powell, 1996; Silva
& Araujo, 2001). Dugongs are found in marine habitats from East Africa to Vanatu, including
the Red Sea, Arabian Sea, Indian Ocean, and South China Sea (Marsh & Sobtzick, 2019).
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All sirenians are listed as vulnerable on the IUCN red list. Habitat loss and hunting have
led to a decline of all sirenian species. Conservation efforts by the United States have helped
stabilize populations of the Florida manatee (Runge et al., 2015). Humans pose the largest threat
to manatees due to hunting, habitat loss, and boat strikes (Domning, 1982; Gerstein, 2002).
Hunting is most common in developing countries given the amount of meat provided by a
manatee and the leather that can be made from their hide. Cold stress affects the Florida manatee
as water temperatures drop in the winter months and manatees seek refuge at artificial warm
water reserves such as power plants; when power plants shut down temporarily, many manatees
have died as a result (Laist & Reynolds, 2005). Florida manatees are also more vulnerable to
boat strikes given the higher amount of recreational boat use in the waters of Florida where
manatees reside. Noise pollution from boats has also been found to mask calls, affecting
manatees’ ability to communicate with conspecifics, most notably affecting mother-calf
interactions (Gerstein, 2002; Reynolds, 2017). Manatees are also vulnerable to fluctuations in
population size due to their reproduction rate: a gestation of 12-14 months and one offspring at a
time raised for one-and-a-half to two-and-a-half years, results in a slow increase in population
size (Reep & Bonde, 2006).
Conservation efforts to preserve sirenians includes regulating boat traffic, decreasing boat
speeds, and hunting bans (Domning, 1982; Gerstein, 2002). Loss of habitat for sirenians includes
a probable loss of food source, increasing the need to find other sources of vegetation. How they
locate food sources is therefore an important aspect of understanding how to better conserve this
species, as habitat loss and other anthropogenic factors prohibiting their ability to find food could
lead to a decline in the species. However, if it is not understood how they find food, it cannot be
known if their ability to find food is being altered.
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Most research conducted on manatees has been conducted on the West Indian manatee,
specifically, the Florida manatee (Reep & Bonde, 2006). In contrast, the West African manatee is
the least studied species of the manatees. The Amazonian manatee is the smallest member of the
order Sirenia and uniquely, does not have fingernails on the end of each flipper like the West
Indian and West African manatee (Husar, 1977). The West Indian and West African manatee
share similar habitat characteristics as well as both inhabiting marine, estuarine, and/or
freshwater areas. However, the West African manatee is only found in tropical waters whereas
West Indian manatees are found in subtropical waters as well (Reynolds et al., 2018; Jimenez,
2005).
It is not known which senses manatees use to find food in the wild. Manatee sensory
abilities include touch, hearing, vision, and chemoreception, similar to other mammals. Manatees
have vibrissae on their face as well as postcranial hairs distributed across their body which have
a tactile function. The hearing range of manatees is from 0.5 kHz-46 kHz, with maximum
sensitivity around 16-18 kHz (Gerstein et al., 1999). Manatees are known to have color vision
which is thought to be best suited for sensitivity to recognize the presence of objects in the water
rather than acuity to discriminate what objects are (Bauer et al., 2003a; Griebel & Schmid, 1996;
Piggins, Muntz, & Best, 1983). Manatees have about 3,000-31,000 taste buds on their tongues,
likely playing a role in chemoreception abilities (Bills, 2011; Lowell & Flanigan, 1980; Reep &
Bonde, 2006; Thewissen, 2008). Olfaction abilities are unknown; however, manatees have an
olfactory bulb, suggesting the potential for olfaction to be a part of chemoreception abilities in
manatees.
The diet of manatees, while almost entirely herbivorous, is quite broad as it consists of
over 108 genera of freshwater and saltwater plants and algae (Alves-Stanley, Worthy, & Bonde,
3

2010; Gonzalez-Socoloske, 2013; Hartman, 1979; Ledder, 1986; Lefebvre et al., 2000;
Reynolds, 1981) In addition to seagrasses consumed in marine areas, manatees also feed on
terrestrial plants along the shoreline as well as algae and floating vegetation (Aleman, 2011).
While the food characteristics influencing food choice are not well known, it has been suggested
that manatees prefer vegetation with high digestible fiber (Gonzalez-Socoloske, 2013).
In this thesis I will review the literature (chapter 2) on sirenian sensory abilities in the
context of their closest living relatives by comparing and contrasting what is known about the
sensory modalities of the Paenungulata clade (i.e. Sirenia, Proboscidea, and Hyracoidea). The
modalities I will examine are: hearing, touch, chemoreception, vision, and balance. Once we
understand what sensory abilities manatees have, we can begin to think about which ones they
use to locate their food.
In chapter 3 I modify the experimental design to test feeding sensory modalities of Renda
& Roux (2017) to be suited for an aquatic environment. First, I set out to determine if the
proposed methodology was practical in controlling sensory cues provided and testing manatee
sensory use in the locating of food. Second, I began experimental trials testing the sensory
modalities used by manatees to locate food when they were habituated to where food was
located, within a short distance, and when food was placed randomly in their habitat, at long
distances. The results of this study should not only provide a methodology for conducting
sensory experiments on wild manatees, but also allow for a more thorough understanding of the
sensory modalities used by manatees to locate food at short and long distances.
In chapter 4 I draw overall conclusions from my literature review and my
experimentations on wild manatee sensory modalities. I also provide recommendations for future
research.
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CHAPTER 2
REVIEW OF SENSORY MODALITIES OF THE EXTANT PAENUNGULATA CLADE
Brief history of evolutionary divergence of Paenungulata
Placental mammals are classified into the Eutherian subclass, which has been subdivided
into four superorders: Eurochontoglires, Laurasiatheria, Xenarthra, and Afrotheria. Afrotheria is
further subdivided and consists of a clade known as Paenungulata. Members of the Afrotheria
superorder outside the Paenungulata clade include: Afrosoricida (tenrecs, otter shrews, golden
moles), Macroscelidea (elephant shrews), and Tubulidentata (aardvarks). The Afrotherian clade
Paenungulata consists of Proboscidea (elephants), Sirenia (manatees and dugongs), and
Hyracoidea (hyrax). Members of Paenungulata (Sirenia, Proboscidea, and Hyracoidea) are
mammals which form a strongly supported monophyletic clade and have presumably originated
from Africa according to various molecular loci and biogeographic evidence (Pardini et al.,
2007; Stanhope et al., 1998).
The most genetically derived group, in terms of ecological niche, are the sirenians, with
different lines of genetic and morphological evidence indicating they belong within the
Paenungulata clade. Through genetic analysis it can be determined which terrestrial mammals
share a common ancestor with extant, marine mammals, such as sirenians with Proboscidea and
Hyracoidea (Cornelis et al., 2014; Kuntner, May-Collado, & Agnarsson, 2010; Irwin & Arnason,
1994). Although sirenians have undergone individual convergent events to become marine
mammals, they share many common phenotypic adaptations with other marine mammals such as
locomotion, sensory abilities, communication, management of buoyancy, and large oxygen
stores (Foote et al., 2015). As a result, Sirenians are often the outliers when it comes to
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phylogenetics as they have no evolutionary relationship with other marine mammal orders
(Kellogg et al., 2007). Sirenians and proboscideans have many similarities, including double
apex hearts, herbivorous diets, and similar teeth with a ‘conveyor belt’ system replacing teeth as
they are worn down (Shoshani, 1998). Sirenians and hyracoideans, have postcranial hairs in
common (Reep, Marshall, & Stoll, 2002; Sarko, Rice, & Reep, 2011).
While the exact relatedness of the Paenungulata clade continually undergoes dispute due
to inconsistent molecular studies and unclear origins of the Paenungulata trichotomy (Kellogg et
al., 2007; Murphy, Pevzner, & O’Brien, 2004; Stanhope et al., 1998), genetic analysis has helped
confirm relatedness between members of the Afrotheria superorder as well as provide evidence
for sirenians being most directly related to proboscideans (Domning & Hayek, 1986; Kuntner,
May-Collado, & Agnarsson, 2010; Thewissen & Domning, 1992). However, alternative
evidence suggests that sirenians are most closely related to hyracoideans (Cornelis et al., 2014;
Springer et al., 2003; Tabuce et al., 2007). Another way to support phylogenetic relatedness,
besides genetic analysis, is through similar anatomic and physiological adaptations. In this
review we will discuss the similarities and differences found between the various sensory
systems of the Paenungulata clade (Table 1).
HEARING
Hearing Anatomy of Sirenians
The anatomy of the sirenian ear is unique compared to other mammals (Chapla et al.,
2007; Ketten, Odell, & Domning, 1992) and may be adapted for underwater communication
between conspecifics (Chapla, 2006). Sirenians have no pinna, or external ear, and therefore lack
the musculature of the pinna, with a small opening leading to their external auditory meatus (ear
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canal), which is a non-cartilaginous, marginally curved tube, separated from the tympanic
membrane (ear drum) by fatty tissue (Chapla & Rommel, 2003; Chapla et al., 2007; Chapla,
2006; Marshall et al., 2007; Nummela & Yamato, 2018). The tympanic membrane of sirenians
has two distinct regions, the pars tensa and pars flaccida, as in terrestrial mammals, which
suggests the tympanic membrane responds in a frequency dependent manner similar to cats
(Pickles, 1982). The tympanic membrane of sirenians bulges outward, rather than inwards as in
many terrestrial mammals, due to the medial position of the cartilaginous keel of the malleus
supporting the midline of the tympanic membrane; this may be an adaptation for underwater
hearing (Chapla, 2006). The tympanic membrane of sirenians has been found to be thicker and
larger than in many mammals, assisting with the transmission of acoustic energy from the
tympanic membrane to their enlarged ossicular chain (Nummela & Yamato, 2018). The
tympanic bone is ring shaped, unlike that of a true auditory bulla (Chapla, 2006). The dome
portion of the periotic bone, which is superior to the tympanic bone, increases in size over the
lifetime of a manatee as it deposits an outer growth layer yearly (Marmontel et al., 1996). The
periotic bone is joined to the squamosal by a syndesmotic joint which in turn is fused to the
zygomatic process by cartilaginous and membranous connections (Chapla, 2006; Domning &
Hayek, 1986; Ketten, Odell, & Domning, 1992). The zygomatic process of sirenians is an
enlarged, oil-filled, bony sponge, with considerable mass, but less stiffness than compact bone of
similar size (Domning & Hayek, 1986; Ketten, Odell, & Domning, 1992). The ossicles of the
middle ear are the densest of any mammal and are denser than the periotic bone where the
cochlea resides (Nummela & Yamato, 2018). The density of ossicles adds stiffness to the
ossicular chain, helping compensate for the large ossicular size (Ketten, 1998). The center of
gravity of the ossicular chain is off-center of the rotational axis, increasing inertial momentum

7

(Chapla & Rommel, 2003). The increased mass of the ossicular chain, as well as the off-center
axis rotation, may enhance bone conduction of low frequencies (Mason, 2004). The size of the
manatee’s middle ear is similar to that of elephant’s, suggesting that it should have optimum
hearing at low frequencies (Chapla, 2006) which is different to what has been documented for
the hearing ranges of manatees (Gerstein et al., 1999). Manatees may have adapted middle ear
anatomy by increasing tympanic membrane thickness and stiffness, compensating for the large
surface area, in order to register shorter wavelengths and hear high frequency sounds (Chapla,
2006).
The inner ear of sirenians is a combination of aquatic and terrestrial mammalian features.
The anatomy of the West Indian manatee ear is not specialized in that the cochlea and basilar
membrane structures, as well as spiral ganglion cell densities, do not function in ultra- or infrasonic hearing. However, auditory ganglion cell sizes are larger in comparison to terrestrial
mammals (Ketten, 1998). It was noted by Home (1815) that the dugong cochlea is between one
to one and a half turns while the West Indian manatee cochlea is one and three-quarters turns
(Ketten, Odell, & Domning, 1992) suggesting manatees have a wider range of hearing than
dugongs (West, 1985).
The pathway that sound travels through the ear of sirenians remains unclear due to the
disconnect between the external auditory meatus and the tympanic membrane (Chapla, 2006;
Nummela & Yamato, 2018). There are multiple hypothesis; the sound may pass through the
zygomatic process to the ear, they may use a method of bone conduction via the ribs and/or
vertebral column, sound waves may pass through the soft tissues found in the head of the
manatee to the middle ear cavity to be processed, or the airspaces in the middle ear may use
underwater pressure transduction for hearing (Chapla, 2006; Nummela & Yamato, 2018).
8

Furthermore, it has been found that temperature gradients in soft tissues affect sound
transmission through the tissues of the head and it is suggested that similar mechanisms may
exist in manatees, given the network of blood vessels throughout their head (Chapla, 2006).
Hearing Physiology of Sirenians
Hearing is suggested by Hartman (1979) to be the primary sensory modality used by
sirenians. Manatee vocalizations have been recorded to be between 0.5-25 kHz, suggesting
hearing ranges would encompass these frequencies (Frisch & Frisch, 2003; Nummela & Yamato,
2018). AEPs performed by Bullock, Domning, & Best (1980) provided responses from 0.2 to 35
kHz in West Indian manatees. Bullock, O’Shea, & McClune (1982) found results with similar
upper limits of 35 kHz on the West Indian manatee as well. ABRs performed by Klishin et al.
(1990) on Antillean manatees found optimal frequencies to occur between 5-20 kHz at 25-30 dB
re 1 µPa with maximum frequency responses occurring at 60 kHz above 90 dB re 1 µPa.
Behavioral testing performed by Gerstein et al. (1999) on two male, captive manatees found
hearing sensitivity of West Indian manatees to be 0.4-46 kHz with their frequency range of best
hearing to be between 6 and 20 kHz. Greatest sensitivity in the hearing range of the two West
Indian manatees tested was from 16-18 kHz at about 50 dB re 1 µPa (Gerstein et al., 1999).
Additional behavioral tests were conducted on two captive male West Indian manatees and
hearing sensitivity was found to be 0.25-90.5 kHz with peak sensitivity from 8-32 kHz (Gaspard
et al., 2012). At frequencies of 90.5 kHz, one manatee refused to participate, but the sound was
detected as suggested by his behavioral responses (Gaspard et al., 2012). These results not only
support each other, providing an approximate range of hearing for manatees, but they also
coincide with the range of manatee vocalizations which have been recorded for West Indian
manatees as well as Amazonian manatees (Bullock et al., 1980; Gerstein, 1995). Manatees
9

therefore have good hearing abilities at higher frequencies but poor hearing abilities at lower
frequencies (Gerstein, 2002).
Gerstein et al. (1999) were able to obtain results down to 0.015 kHz by one of the
manatees tested, with an observed change in behavior (he rotated his body ~45 degrees to the left
and bent his head down while listening) while detecting these infrasonic sounds generated 1.5 m
from the manatees position. However, when Gaspard et al. (2012) tested these same frequencies
3 m away from the manatee’s position, they did not obtain a response. It has been suggested that
they switch methods of detection from hearing via the auditory system to hearing via tactile
receptors, possibly using their postcranial hairs to assist in the recognition of sound (Gerstein et
al., 1999; Reep et al., 1998). However, position and distance to the source of the sound
influences the particle motion for the same acoustic pressures, therefore, the closer the manatee
is to the infrasonic sound source, the more probability of using tactile methods for processing
sound (Gaspard et al., 2012).
Dugongs and manatees, while both members of the order Sirenia, are from different
families, and thereby have the potential for different hearing abilities. It is suggested by
Anderson & Barclay (1995) that while the hearing ranges of manatees and dugongs are similar,
the vocalization ranges of dugongs and manatees differ greatly. Manatee vocalizations occur
from about 0.5 kHz to 25 kHz while dugong vocalizations occurring from about 0.6 kHz to 18
kHz (Anderson & Barclay, 1995; Frisch & Frisch, 2003; Nummela & Yamato, 2018). While
both of these vocalization ranges lie within the suggested sirenian hearing range of 0.3-46 kHz, it
is likely that dugongs have a broader sensitivity range than manatees, given their wider range of
vocalization frequencies. Further research is needed on dugong hearing as subjective
(behavioral) and objective (ABR, AEP) tests have not been conducted on dugongs.
10

Hearing Anatomy of Proboscidea
The pinna of the elephant ear is suggested to have three functions: regulating body
temperature, communication (warning conspecifics), and sound localization (Heffner et al.,
1982). The distal end of the external auditory meatus of elephants has a sphincter-like muscle
surrounding the opening, allowing for contraction of the muscle to occlude the opening from the
environment to the external auditory meatus upon tactile stimulation (O’Connell-Rodwell, 2007).
The external auditory meatus of the elephant is an open, straight, patulous, horizontal tube,
approximately nine-and-a-half inches in length and about one inch in diameter, terminating at the
tympanic membrane, or the start of the middle ear (Blair, 1717). The tympanic membrane of
elephants has an area of 1000 mm2 (Heffner et al., 1982). Animals whose auditory system
contain enlarged tympanic membranes and stapedial foot plates are thought to have auditory
systems adjusted to hearing low-frequency sounds better than high-frequency sounds (Garstang,
2004). The middle ear of proboscideans, similar to sirenians, houses colossal ossicles which may
assist in bone conduction (O’Connel, Hart, & Arnason, 1999). Ossicles amplify sounds in the
middle ear as well as transmit sound waves via mechanical energy to hydraulic energy when they
reach the oval window of the cochlea (Garstang, 2004).
The inner ear of proboscideans, like sirenians, is primitive in formation in that they do
not have a round window and cochlear canaliculus for circulating perilymphatic fluid to the
cranial region as in other mammals, but rather a perilymphatic duct leaves the inner ear via the
perilymphatic foramen, similar to reptiles, which may assist in detecting vibrations (O’Connell,
Hart, & Arnason, 1999). The cochlea of elephants is filled with fluid and is the characteristic
spiral shape, consisting of two spirals (Garstang, 2004; von Bekesy, 1960). It was noted by Von
Bekesy (1960) that the cochlea of elephants has the sharpest resonance of animals studied,
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meaning sounds waves received at their natural resonant frequencies respond with a higher
amplitude or loudness than waves of the same size received at non-resonant frequencies. This
suggests elephants have multiple resonant frequencies and are capable of distinguishing between
frequencies of narrow bandwidth better than other animals (O’Connell-Rodwell, 2007).
The head of the African elephant is aerated by sinuses in addition to bones of the cranium
being arranged to form diploe (spongy, cancellous bone, separating layers of the cortical skull
bone). Furthermore, the size of the head of an animal- the distance between the ears, as measured
around the ears, divided by the speed of sound, is inversely related to the animals ability to hear
high-frequency; mammals with large heads therefore hear low-frequency sounds better due to
their larger head and ears causing a head-shadow effect to occur and attenuate high-frequency
sounds (Heffner & Heffner, 1981; Heffner & Heffner, 1982). These features, in addition to the
fatty deposits in the skull and the solid mandible may assist with low-frequency sound detection
(O’Connell-Rodwell, 2007).
Hearing Physiology of Proboscidea
Elephants have been found to have the best low-frequency hearing of any mammal tested,
with hearing abilities ranging from 0.016 to 12 kHz and their best frequency of hearing occurring
at 1 kHz according to subjective hearing test (Heffner & Heffner, 1982). Calls of the African and
Asian elephants occur in the range of 0.014-0.035 kHz (Ben-Ari, 1999; Larom et al., 1997)
which coincides with their low-frequency hearing ability. Low frequency sounds used by
elephants are able to travel farther due to being less attenuated by things such as air temperature,
wind, trees and shrubs, and the time of day calls are produced (Larom et al., 1997; Pierce, 1981).
It has been suggested by Garstang et al. (1995) that the calls of elephants may travel distances of
10 km or more under ideal conditions. In addition to the low frequency sound produced by
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elephants, their calls contain high energy, occurring with intensities up to 117 dB (Ben-Ari,
1999). Furthermore, elephants have been witnessed engaging in listening behaviors in captivity
and in the wild such as, raising and stiffening their ears while simultaneously swinging their head
back and forth; such behavior may aid in their ability to hear and localize sounds (Ben-Ari, 1999;
Heffner et al., 1982).
Hearing Anatomy & Physiology of Hyracoidea
Research conducted on hyracoideans is limited in the realm of hearing anatomy and
physiology. However, extensive research has been done on the highly social behavior of hyrax as
well as the complex acoustic signaling used by hyrax to communicate with conspecifics
(Demartsev et al., 2014). In a spectrogram of hyrax wails, chucks, and snorts (Weissman et al.,
2019), the fundamental frequency of their calls appears to occur between 1-5 kHz depending on
the call, with harmonic frequencies occurring between 6-12 kHz, suggesting that the hyrax
hearing range should encompass at least 1-12 kHz. No studies show the raw anatomical
constructs of the ear anatomy or the hearing ranges for hyrax, however, it is known that they at
least possess a pinna, often aiding in sound localization. Further research is needed in these
areas.
TOUCH
Tactile Anatomy of Sirenia
Tactile hairs have the highest number of afferent fibers, mechanoreceptors, and types of
mechanoreceptors assisting in their sensitive detection of sensory input. Tactile hairs which are
true vibrissae are known as follicle-sinus complexes (FSCs) because of their blood-filled sinus
ring which surrounds the follicle (Sarko, Rice, & Reep, 2011). Vibrissae are further denoted by
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their dense innervations and the dense connective tissue which forms a capsule. Vibrissae are
important for perceiving cues from the environment as well as allowing for behavioral responses
to those cues. Sirenians are the only species that have only true vibrissae as the only hairs on
their body (Sarko, Rice, & Reep, 2011).
Sirenians are thought to be specialists of tactile sensations given the number and
distribution of vibrissae (tactile hairs) distributed across their body (Gaspard et al., 2013; Sarko
et al., 2007). Tactile perception is the combination of a variety of senses including, but not
limited to, kinesthesia, proprioception, and interoception (Bauer, Reep, & Marshall, 2018). Most
research conducted on marine mammals, including sirenians, focuses on the sensory hairs and
mechanoreception of the skin. However, manatees have not been found to have
mechanoreceptors associated with their skin, but have mechanoreceptors associated with their
postcranial hairs, suggesting their postcranial sensory hairs may function differently from other
marine mammals and are possibly more similar in function to their terrestrial relatives (Bauer,
Reep, & Marshall, 2018; Sarko et al., 2007).
Sirenians have three types of “hair” on their face: bristles, hair, and bristle-like hair.
Bristles are the thickest and stiffest of the three, while hair is the same hair which appears
throughout the postcranial body. Bristle-like hairs have a thickness and stiffness between that of
hair and bristles, and are evenly distributed on the oral disk only (Reep et al., 1998). The oral
disk is the region of the mouth and orofacial ridge, between the upper lips, containing stiff,
bristle-like hairs (Reep et al., 1998).
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Figure 1. Manatee Perioral Bristle Fields. Perioral bristle fields U1-U4 and L1-L2 of manatees.
Modified from Reep et al., 2001.
Sirenians perioral bristles, which are modified vibrissae, combined with their facial hairs
function in both feeding and touch (Reep et al., 1998). Manatees have six identified fields of
perioral bristles on their face: four fields (U1-U4) are located on each side of the upper bristle
pad and oral cavity, also known as the supradisk (Figure 1), and two fields (L1-L2) are on each
side of the lower bristle pad, or chin, inside the oral cavity (Figure 1); (Reep et al., 1998; Reep et
al., 2001). About 110 bristles are on each side of the face, with little difference in distribution,
diameter, or length of the bristles between fields or facial sides (Reep et al., 1998). U1-U4
bristles vary in length and thickness and are used in different ways during the feeding cycle,
whether everted or retracted, working in variance or unison (Marshall et al., 1998; Reep et al.,
1998).
Supradisk hairs are densest by the nares and least dense by the caudal periphery. Hair is
denser on the face than in the dispersion of postcranial hairs (Reep et al., 1998). The head region
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which contains about 2,000 vibrissae has about 109,000 myelinated axons supplying information
from the follicles to the brain via the trigeminal nerve. The postcranial body has about 3,300
vibrissae, with a total of about 100,000 myelinated axons supplying information to the brain
from the follicles via spinal afferents (Bauer et al., 2018). All information conveyed from the
over 200,000 myelinated axons is sent to the lobulated somatosensory nuclei in the brainstem;
information from the face and head terminate at the trigeminal nuclei while information from the
postcranial body terminates at the cuneate-gracile complex (Bauer et al., 2018).
It has been suggested that each bristle found on the face of manatees is represented by a
single, large, rindenkern (clusters of neurons in particular areas of the sirenian cerebral cortex;
small rindenkerns have few neurons in a cluster while large rindenkerns have numerous neurons
present in the cluster). The bristles found on the facial region of manatees are each represented
by a large rindenkern (110 bristles: 116 rindenkern) while body hairs are represented by small
rindenkerns (Reep et al., 1998; Sarko et al., 2007). The face has the highest density of hair, with
the oral disk having the highest density of all regions, which may assist with tactile exploration.
Hair density decreases with age as body size increases with age, and the number of hairs remains
about the same, which may assist juvenile sirenians in tactile learning (Reep et al., 1998).
The brain of sirenians is proportionally skewed to over-represent somatosensory input
and output, about 25% of the neocortex in manatees is devoted to tactile information (Sarko et
al., 2007). While manatees lack several muscles needed for facial expressions, the orbicularis
oris acts as a muscular sling assisting in the protrusion and movement of perioral vibrissae
(Marshall et al., 2007). In addition, the face of manatees is highly innervated by a number of
nerves, with the facial bristles, lips, and perioral regions having motor innervations allowing for
movements to occur separately or in unison to assist in feeding behaviors in addition to
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providing somatosensory input (Marshall et al., 2007; Reep et al., 1998). Postcranial hairs are
also present on the fluke of manatees, suggesting Bichoff’s nucleus, in the manatee brain, may
represent the fluke as it does the tails of other mammals. The fluke of sirenians seems to play an
important role in navigating through their environment and may help compensate for poor
eyesight (Sarko et al., 2007).
Dugongs and manatees differ in tactile physiology in that dugongs are benthic grazers,
whereas manatees will eat floating aquatic vegetation or rooted aquatic vegetation, therefore,
they require slightly different methods of food acquisition in addition to differential deflections
of the snout (Baeur, Reep, & Marshall, 2018; Marshall et al., 2003). Dugong snouts can be
divided into five regions as noted by Marshall et al. (2003): oral disk, supradisk, chin, upper and
lower perioral bristle fields. Dugongs have a snout deflected 70 degrees and their rostrums are
down-turned to allow the perioral region to be almost parallel with the substrate (Marshall et al.,
2003). The oral disk of the dugong is convex when relaxed, and the oral disk can be extended
during feeding by opening the lateral furrows, followed by the extension of the lateral flaps,
changing the shape of the oral disk from arch-shaped to semicircular (Marshall et al., 2003).
Dugongs have the same six fields of perioral bristles as do manatees; four fields on the upper lip
and two on the lower lip, however dugongs have about 40% more bristles than manatees
(Marshall et al., 2003; Reep et al., 1998). The U1 bristles of dugongs participate in vegetation
manipulation, unlike that of the manatee, and dugongs use their U2 bristles in a sweeping
manner to introduce food into the mouth (Marshall et al., 2003). Dugongs and manatees are
divergent in their perioral bristle use in that dugongs U2 bristles do not meet at the midline,
preventing prehensile capabilities like that of manatees (Marshall et al., 2003). Dugongs, similar
to manatees use their oral disk and perioral bristles when exploring an environment and both
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manatees and dugongs have been observed using their flippers to remove food stuck in their
bristles (Marshall et al., 2003). While manatees and dugongs differ in their snout morphologies
and vibrissal use, these differences allow for different feeding behaviors, trophic ecologies, and
ecological niches (Marshall et al., 2003).
Tactile Physiology of Sirenia
It is believed that the abundant tactile ability found in dugongs is to help compensate for
their poor eyesight (Dexler & Freund, 1906). Dexler & Freund (1906) also suggest that touch
and hearing are the most highly developed senses in dugongs and may help compensate for the
senses which do not have much function if any, such as sight, taste, and smell. It was determined
by Bauer et al. (2012) that manatees have highly developed tactile capabilities, with sensitive
discrimination of textures. Manatees use vibrissae not only for feeding and exploration, but also
for problem solving. It is believed that the highly sensitive tactile processing of manatees should
help provide them with a detailed view of the world which other senses, such as sight, may not
provide (Bauer et al., 2012). Manatees were able to detect oscillations using their vibrissae
generated by water movements between 0.05-.15 kHz when located approximately 14 cm from
the source, which is well below their measured hearing range (Gerstein et al., 1999; Gaspard et
al., 2013).
The lips of sirenians are bilobed; when feeding, the lobes open, allowing the bristles to
extend to the food source, grasp the vegetation, and tuck it into the cleft between the lip lobes,
pulling the food into the mouth, this is known as oripulation (Bauer, Reep, & Marshall, 2018;
Marshall et al., 1998). The U2 bristles of the left and right fields act in a grasping manner when
feeding while the L1 bristles push the food into the oral cavity (Marshall et al., 1998). The use of
the bristles, or perioral vibrissae, to grasp and manipulate food is uniquely used by sirenians,
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however the grasping pattern has been found to differ depending on the vegetation consumed
(Marshall et al., 1998). The lips and oral disk of sirenians therefore act as a muscular hydrostat,
similar to the trunks of proboscideans, capable of complex movements due to the musculature
and vibrissal arrangement (Bauer, Reep, & Marshall, 2018).
The oral disk is involved with a flare response seen at the beginning of a feeding cycle, as
well as being used in tactile scanning during exploration of the environment (Hartman, 1979;
Reep et al., 1998). The oral disk is also very sensitive to human touch in that when any portion is
touched, they respond by grabbing the stimulus with their U2 bristles (Hartman, 1979; Marshall
et al., 1998; Reep et al., 1998). Similar to manatees, dugongs have a reflex of raising their head
up a few inches from the bottom when the corners of their mouth are touched (Dexler & Freund,
1906).
It was suggested by Gerstein et al. (1999) that manatees may “hear” low frequency
sounds via their postcranial hairs. Sarko et al. (2007) also suggest that low-frequency sounds in
water may stimulate the mechanoreceptors associated with the postcranial hairs of manatees, as
the vibrissae of the face and postcranial body are disturbed. Bauer, Reep, & Marshall (2018)
suggest that vibrissae may help sense changes in the three-dimensional environment marine
mammals live in. Furthermore, data suggests that the anatomically specialized vibrissae of
manatees act as a lateral line system, detecting hydrodynamic stimuli (Bauer, Reep, & Marshall,
2018; Gaspard et al., 2013). This makes sense as the sensory hairs move due to water
displacement or direct contact, when the hairs are deflected, they make contact with the wall of
the follicle which contains mechanoreceptors, changing the mechanical signal to an electrical
signal to be sent via axons to the brain, providing a picture of the environment via
mechanoreception (Bauer, Reep, & Marshall, 2018).
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Tactile Anatomy & Physiology of Proboscidea
Elephants are unable to put their head to the ground and as such, their trunk plays an
important role in tactile discrimination, as well as for use in obtaining food (Endo et al., 2001).
The distal tip of elephant trunks has what is known as “fingers”, the African elephant has two
“fingers”, while the Asian elephant has one “finger” and as a result, African and Asian elephants
may have slightly different interactions with objects and food as they contain different prehensile
abilities (Hoffmann, Montag, & Dominy, 2004; Frei, 2016). The trunk of the elephant contains
about 40,000 muscles assisting in the remarkable mechanical dexterity elephants maintain (Frei,
2016; Rasmussen & Munger, 1996). The trunk of elephants has multiple roles including,
grasping of food, tactile recognition and chemosensory recognition via the vomeronasal organ
(Rasmussen & Munger, 1996). Elephants have two types of vibrissae present at the end of their
trunk, these two types of vibrissae are regular vibrissae and vellus vibrissae. Regular vibrissae
are abundant and present in the skin surrounding the trunk finger while vellus vibrissae are
contained beneath the surface of the skin of the trunk tip (Rasmussen & Munger, 1996).
Vibrissae have dense sensory innervation by hundreds of axons and free nerve endings which are
abundant in the superficial dermis (Rasmussen & Munger, 1996). The tip of the trunk can be
used to detect environmental vibrations when placed on the ground as well as having dexterity
allowing for objects, as small as a grain of rice, to be picked up; it is assumed that the trunk is
also used to determine size, shape, texture, and temperature of objects (Rasmussen & Munger,
1996).
The skin of elephant’s bodies and trunks contains hair which is innervated through their
thick epidermis as seen by their papillary ridges, which increases the surface area of the skin.
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However, the trunk finger skin is thinner, similar to hairless skin of humans (Rasmussen &
Munger, 1996).
The vellus vibrissae hair shaft is surrounded by a loose connective tissue capsule fused
with the dense connective tissue of the dermis and is innervated by axons which are
encompassed by a vascular sinus and thought to be associated with lanceolate and Merkel cells
(Rasmussen & Munger, 1996). The hair shaft of the vellus vibrissae does not go past the skin
surface, similar to the human eyelid. Vellus vibrissae are intermingled with regular vibrissae and
both are thought to contain lanceolate and Merkel terminals, which are associated with
mechanoreceptors. The pattern of vibrissae of the elephant trunk is surrounded by skin which has
dense sensory innervation (Rasmussen & Munger, 1996). The skin of the trunk tip of elephants
contains two types of corpuscular nerve endings, small Pacinian and multibranched simple
corpuscles, with the lateral portion of the dorsal tip containing more corpuscles than the ventral
trunk tip. Pacinian corpuscles are extremely sensitive and thought to play a role in elephants as
auditory receptors, detecting vibrations as small as Brownian motion. Vibrissae of the elephant’s
trunk are not innervated by muscles and therefore do not function as whiskers and cannot move.
However, the elephant trunk vibrissae assist the trunk in performing as a specialized sensory
organ, detecting vibrations, as well as performing tactile functions with precise grasping and
dexterity (Rasmussen & Munger, 1996). Dehnhardt, Friese, & Sachser (1997) found that
elephants can perceive differences as small as 0.25 mm in the width of grooves using their
trunks, demonstrating excellent tactile discrimination and functionality.
Elephants have been observed engaging in multiple tactile behaviors including standing
with their sides touching, submissive elephants backing themselves into the sides of dominant
elephants, entwining trunks with conspecifics, performing mouth checks, as well as
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antagonizing and disciplining of conspecifics by actions such as placing their trunk on the head
of a conspecific and pushing down; the function of these behaviors is not widely understood, but
demonstrates a wide use of tactile sensations (Langbauer, 2000). It has been observed that
different body parts of elephants are used to initiate tactile behaviors, however, the trunk is most
commonly used (Makecha, Fad, & Kuczaj, 2012). Tactile behaviors play an important role in the
social interactions of Asian and African elephants, even though they have slight variations in
their interactions (Makecha, Fad, & Kuczaj, 2012).
Tactile Anatomy & Physiology of Hyracoidea
Vibrissae are commonly found distributed across the face and body of mammals where
they are most likely to encounter stimuli, with the densest areas of distribution being where
tactile information is most easily collected and detected (Sarko, Rice, & Reep, 2011). Hyrax
have true vibrissae distributed in rows down their back and limbs, interspersed amongst their
pelage, as well as four supraorbital vibrissae on their head, about five vibrissae on their throat,
and numerous common mystacial vibrissae. Vibrissae are also found on the inside of their wrist,
shoulders, back, flanks, belly, above the anus, and thighs (Sale, 1970; Sarko, Rice, & Reep,
2011). It is believed that the vibrissae of hyrax assist in environmental exploration, alerting them
of predators or threats by conspecifics, as well as providing navigational cues to compensate for
poor visual capabilities (Sarko, Rice, & Reep, 2011; Sarko, Rice, & Reep, 2015). Furthermore,
hyrax have no tail, and as a result, it is thought their vibrissae may help them sense the
environment similar to the function of a tail (Sale, 1970).
The vibrissae of hyracoideans, similar to sirenians, have dense distributions of Merkel
endings, assisting in detecting the direction the hair is deflected (Sarko, Rice, & Reep, 2011).
Hyracoidean vibrissae are true vibrissae as they each contain a follicle-sinus complex (FSC)
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containing a follicle core, dense innervations, and connective tissue capsule with a surrounding
blood supply (Sarko, Rice, & Reep, 2015). Unique to hyrax are the Merkel endings which
innervate the FSCs as they include dermal bulges containing Merkel complex endings at the rete
ridge collar level (Sarko, Rice, & Reep, 2015). Mystacial FSCs of hyrax are unique in their
morphology as they contain longitudinal ridges and grooves which extend from the cavernous
sinus to the lower ring sinus level and are packed with axons ascending from the deep vibrissal
nerves; two deep vibrissal nerves are responsible for the innervations of the FSCs of all body
regions in hyrax (Sarko, Rice, & Reep, 2015). Hyrax also possess guard hairs located proximal
to the vibrissae; however, guard hairs do not contain a blood-filled ring sinus or a capsule of
dense connective tissue, but are rather associated with sebaceous glands and lanceolate endings
(Sarko, Rice, & Reep, 2015). The vibrissae of hyrax likely serve complementary functions given
their unique structure, which include detecting large hair deflections by the Merkel endings of
the rate ridge collar, and smaller disturbances at the ring sinus level. Lanceolate endings, present
in the guard hairs of hyrax, function as stretch receptors and encode information on vibrissal
movement and deflection rate (Sarko, Rice, & Reep, 2015).
CHEMORECEPTION (TASTE AND SMELL)
Chemoreception Anatomy & Physiology of Sirenia
As noted by Wartzok & Ketten (1999), the extent of chemoreception abilities in manatees
remains poorly known, but has been suggested to be important due to their active mouthing of
conspecifics and environmental novelties (Hartman, 1979). Sirenian tongues are characterized as
being small, in relation to body size, slender, but vertically thick, no sulci present on the dorsum,
hard, finger-shaped, with cuticular spines in the apex region of the tongue. Their tongues also
have large patches on the side of the wall, and the presence of abnormal gustatory organs formed
23

by the lingual papillae. In manatees these organs are found in multi-fossulate, upward swellings,
while in dugongs they are found in the downward growing lateral pits (Yamaskai et al., 1980).
The apex of the tongue in manatees has been found to be rounded while the tongue of dugongs is
truncated (Yamasaki, Komatsu, & Kamiya, 1980). The free tip of the Florida manatee tongue
was found to contain many hair-like filiform papillae (Levin & Pfeiffer, 2002). The ventral
portion of the manatee tongue has extensive attachments to the floor of the mouth, limiting
mobility. The tongue of dugongs has lateral strips on either side due to the longitudinal elevation
in the mid-part of the dorsum, while the anterior dorsum has hard spines similar to manatees, just
shaggier. Sirenians have pits on the lateral sides of the dorsal part of their tongue, however, in
dugongs, these pits contain more taste buds than in the fossulate of manatees (Yamasaki,
Komatsu, & Kamiya, 1980). In Florida manatees, numerous filiform papillae were found to be
distributed over the dorsal surface of the back of the tongue with multiple raised fungiform-like
papillae distributed on the dorsum, with taste buds restricted to the foliate papillae of the tongue
root (Bills, 2011; Levin & Pfeiffer, 2002).
Sirenian tongues are extremely muscular with the posterior portion having adipose and
muscular tissue (Yamasaki, Komatsu, & Kamiya, 1980). The function of the tongue in manatees
is thought to include food manipulation, tasting, and chemoreceptive functions such as salinity,
hormone, and protein detection (Levin & Pfeiffer, 2002). The majority of papillae on the tongue
of manatees serve a mechanical function rather than taste functions, with fungiform papillae
lacking taste buds altogether in manatees (Levin & Pfeiffer, 2002).
Olfactory bulbs are present in sirenians, although small, suggesting sirenians are capable
of a sense of smell (Thewissen, 2018). The presence of taste buds on the sirenian tongue
provides the potential for chemoreception to occur via taste as well (Lowell & Flanigan, 1980;
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Reep & Bonde, 2006, Thewissen, 2008). A portion of the manatee brain is devoted to scent
detection and interpretation and it is suggested by Hartman (1979) that manatees may possess
modified taste or smell receptors on their lips and/or the roof of their mouth given their mouthing
behavior (Reep, Finlay, & Darlington, 2007). The herbivorous diet of sirenians increases their
vulnerability to toxins in plants, which are often detected in mammals by a strong bitter taste,
given this risk, a need for good taste detection in manatees would be warranted (Bills, 2011).
Manatees have a reduced sense of smell given their olfactory bulb structure. However, they are
thought to have a heightened sense of taste within the localized region of the tongue root (Bills,
2011). Manatees are estimated to have between 3,233-31,140 taste buds, giving them a similar
number of taste buds as in bovines (Bills, 2011). The number of taste buds, as well as their
distribution and arrangement in the mouth of the manatees indicates that a sense of taste is
important to their survival (Bills, 2011).
Different foraging strategies and diets have led to differing chemosensory structures and
distributions in many animals, and manatees may not be an exception. Male manatees are able to
detect chemical cues from the urine of female manatees, entirely underwater, and as such, it is
likely that the chemicals are received via aqueous transmission either by delivery to the olfactory
epithelium, to the taste buds, or by an unknown mechanism (Bills, 2011). It is also suggested that
manatees may use olfactory receptors when their snouts are above the water and their nares open,
such as when eating at the surface. When simultaneous breathing occurs between mother/calf
pairs, or when conspecific congregations at hot springs occur, they breathe in unison as part of
thermoregulation. However, given that the nose of sirenians remains closed when submerged, it
is unlikely that the olfactory epithelium is capable of transmitting chemicals to the oropharynx
due to the valve separating the nasal passage and the oropharynx (Bills, 2011).
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Sirenians do not have a vomeronasal organ, which is often associated with pheromone
detection, which may increase the role of the tongue in chemoreceptive abilities (Bills, 2011;
Levin & Pfeiffer, 2002). Proboscidea and sirenians have similar herbivorous diets, suggesting
similar structures allowing for taste abilities and nutrient detection (Bills, 2011). It appears that
manatees have more taste buds per papilla than hyrax (Yoshimura et al., 2008). Male manatees
have exhibited flehmen-like movements using their muzzle when near a female manatee in
estrus; moving their nose as well as lateral and medial portions of the lips to expose the inner
portion of the lip (Bills, 2011). Flehmen movements are conducted by elephants using their
trunks to direct scents to their vomeronasal organ for detection, however, it is thought manatees
use these movements for a different reason due to their lack of a vomeronasal organ (Bills,
2011). Manatees lack a vomeronasal organ, while both elephants and hyraxes possess one.
However, the turbinate structure in the nose of manatees is most similar to that of hyrax as the
ethmoid region contains three turbinates positioned similarly between the two species while the
elephant has nine convoluted ethmoid turbinates (Bills, 2011).
Chemoreception Anatomy & Physiology of Proboscidea
The tongues of elephants have been found to have few taste buds in the upper epithelium
of the secondary papillae, which are innervated by plexiform nerves; these taste buds however
have indefinite boundaries and are lacking taste pores (Kubota, 1967). The role of elephant’s
taste buds in chemoreception remains unclear and needs further research as there is limited
literature available on this topic.
Chemical signals play many roles, and are valuable in terms of reproduction and the
inter- and intra-sexual interactions that take place as a result of sexual cues (Rasmussen &
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Schulte, 1998). Chemical signals in elephants are known to be able to be extracted from the urine
of males in musth, as females and other males respond to the urine of males in musth in various
ways depending on their own status (Rasmussen & Schulte, 1998). It is also thought that the anogenital area of elephants may provide chemical signals, as it is the part of the body of
conspecifics most commonly touched by the trunk (Rasmussen & Schulte, 1998). There is a
temporal gland which excretes a watery, chemically-sparse fluid, known as frontalin, while
males are in musth, and females may have excretions from this gland from time to time as well
(Rasmussen & Schulte, 1998; Rasmussen & Greenwood, 2003). Other sources of excretions
which may play a role in chemical signaling of elephants include: saliva, mucus secretions from
the eye, ear wax, and secretions produced by interdigital glands. Regardless of where the signal
is produced, it is the trunk that initially picks up the chemical signal and transports it to either the
vomeronasal organ or the nasal turbinates of the main olfactory bulb; the trunk thus acts as a
modified nose in elephants as the elephant places the end of the trunk inside the mouth, near the
openings of the vomeronasal ducts (Lazar et al., 2002; Ngwenya et al., 2011; Rasmussen &
Schulte, 1998). The nasal turbinates of elephants, found in the main olfactory bulb, are covered
by a protein-rich mucus layer containing millions of olfactory receptor cells, increasing their
surface area and ability to smell; however, it is the vomeronasal organ that senses chemical
signals, such as pheromones, relating to the status of conspecifics (Lazar et al., 2002; Rasmussen
& Schulte, 1998). The main olfactory bulb of elephants differs from other mammals in that it
lacks an internal plexiform layer, and the glomeruli of the glomerular layer are organized in two
to four honey-comb layers, and the deep part of the glomerular layer has a high density of cells
as well as myelinated fibers (Ngwenya et al., 2011). Given the high density of cells, myelinated
fibers, and protein-rich mucus layer of the elephant’s nasal passage, and the trunk which delivers
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chemicals to the nasal passage directly, it is likely the elephant has a good sense of smell,
especially in regards to the detection of chemical signals from conspecifics.
The main olfactory bulb is the first site for volatile chemical signals to be received and
processed via the olfactory epithelium (Ngwenya et al., 2011). Elephants lack an accessory
olfactory bulb used to process non-volatile chemical signals such as pheromones, however, they
have a vomeronasal organ which processes similar signals (Ngwenya et al., 2011). Lack of an
accessory olfactory bulb is similar to sirenians, who also lack this portion of the olfactory
system, in addition to having a rudimentary main olfactory bulb, which is thought to be an
aquatic adaptation (Ngwenya et al., 2011). Elephants have a unique adaptation to their olfactory
system, compared to other mammals, in that they have an olfactory ventricle which is an
extension of the lateral ventricle and is lined with flat ependymal cells (Ngwenya et al., 2011).
Olfaction seems to be an important sensory system for elephants given the olfactory bulb and
rhinencephalon, regions of their brain devoted to processing olfactory information, are quite
large (Ngwenya et al., 2011). The main olfactory bulb is composed largely of the periventricular
layer, which causes more white matter to be found in the olfactory bulb of elephants than is
commonly found in other mammals (Ngwenya et al., 2011). As white matter consists of
myelinated axons, signals transmitted via the olfactory bulb will be able to travel faster in
elephants than other mammals, suggesting a faster processing of olfactory signals and possibly a
better overall sense of smell than in many terrestrial mammals.
Elephants are capable of distinguishing different odors and scents, which has been
demonstrated by their ability to distinguish between different ethnic groups in Kenya based
solely on smell (Plotnik et al., 2014). They have demonstrated the ability to learn via olfaction as
well as containing the ability to retain olfactory information for long periods of time, and locate
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food using olfactory cues (Plotnik et al., 2014). Elephants are capable of detecting the presence
of TNT, a non-volatile chemical, which is difficult to detect, supporting the notion that elephants
have a good sense of smell (Miller et al., 2015).
Chemoreception Anatomy & Physiology of Hyracoidea
The center of the hyraxes’ back, known as the dorsal spot or dorsal gland, often seen as a
different color than the surrounding pelage, is important in providing olfactory stimuli to
conspecifics and potentially predators; this spot is often sniffed by conspecifics upon
confrontation (Sale, 1970; Stoddart & Fairall, 1981). Stoddart and Fairall (1981) found that when
an odor stimulus was presented to hyrax, their heart rate decreased, demonstrating a response to
chemical stimuli and suggest a receptor for the chemical stimuli. The vomeronasal organ of
hyrax is embedded in the anterior cartilage of the paraseptalis and leads to the nasopalatinus duct
which has both oral and nasal openings (Stobel, Junold, & Fischer, 2010). The nasal structure of
hyrax is not unusual for terrestrial mammals and demonstrates functionality throughout their life
history as well as playing a role in chemoreception (Stobel, Junold, & Fischer, 2010).
The tongue of hyrax is conical in shape with fungiform papillae on the sides of the tongue
as well as on the ventral surface and lingual apex. On the dorsal surface of the tongue, filiform,
fungiform, and foliate papillae were found (Yoshimura et al., 2008). Foliate papillae are present
on the lateral sides of the torus mandibularis (Emura, Okumura, & Chen, 2008). No vallate taste
buds have been found in the oral cavity of hyrax (Yoshimura et al., 2008). Few taste buds have
been found to be present on the top epithelium of the large fungiform papillae while numerous
taste buds have been found in the epithelial wall of the slit-like groove (Yoshimura et al., 2008).
The exact role of the tongue and the taste buds in chemoreception of hyrax remains unclear and
needs further research.
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VISION
Visual Anatomy of Sirenians
The visual abilities of sirenians remains poorly studied, with opposing views as to
manatees’ abilities (Bauer et al., 2003b; Dexler & Freund, 1906; Griebel & Schmid, 1995;
Hartman 1979; Piggins, Muntz, & Best, 1983). Manatee eyes are small, and almost round, with a
nearly round lens used most likely in aquatic navigation (Griebel & Schmid, 1996; Griebel &
Schmid, 1997). The pigmented portion of the cornea is vertically elongated in manatees which is
unusual for terrestrial or marine mammals (Mass et al., 1996). The optic nerve of manatees is
thin while the retina contains both rod-like and cone-like photoreceptors, allowing for the
potential of color vision as well as assisting with night vision (Griebel & Schmid, 1996; Newman
& Robinson, 2006; Piggins, Muntz, & Best, 1983). It remains unknown whether sirenians
possess a tapetum lucidum, which assists with night vision, but it is possible given proboscideans
have a tapetum lucidum, and both orders are diurnal (Piggins, Muntz, & Best, 1983).
Griebel & Schmid (1996) suggested the numerous ganglion cells centered in the ventral
retina may serve as an area centralis, however, Mass et al., (1996) found the retina of manatees
to be lacking an area centralis. This combined with the pattern of ganglion cell distribution, as
well as the number of ganglion cells, suggests manatees have the lowest degree of retinal
differentiation known to marine mammals, which coincides with their reduced visual regions in
the brain (Mass et al., 2012; Sarko et al., 2007). Manatees have a unique ciliary body, important
for preserving normal functioning of the eye, as they have a dual- vein system, with venous
outflow involving a large elevated vein posteriorly and at the base, which join with the choroidal
veins of the eye (Natiello & Samuelson, 2005). Manatees however lack a ciliary muscle,
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suggesting their vision is controlled by vasculature rather than musculature when focusing on
objects nearby in their environment (Natiello & Samuelson, 2005).
Little research is available about the eye of the dugong, however it has been noted that
the eye of the dugong has a narrow opening between the eye lids, a round pupil, a cornea that is
very curved, and an iris which is blackish-brown, that is mobile, and retracts when light is
presented (Dexler & Freund, 1906). Further research is needed on the anatomy and physiology of
the sirenian eye.
Visual Physiology of Sirenians
Observations of daily behaviors by manatees, such as exploring their environment,
approaching objects head on, and investigation of unknown auditory stimuli with their eyes,
suggests manatees use vision as part of daily tasks (Gerstein 1994; Hartman 1979; Natiello,
Lewis, & Samuelson, 2005). The precise ability of manatees to see above water remains
unknown, however they have demonstrated the ability to discriminate between objects above
water while submerged (Griebel & Schmid, 1996; Natiello, Lewis, & Samuelson, 2005). Bauer
et al. (2003a) found that manatees are able to visually focus on objects which are one meter or
more away, while underwater, and research suggests that manatees’ vision is better suited for
focusing on objects at a distance, rather than close up. When manatees are within one meter of an
item, they are thought to use monocular cues, as they tend to turn their bodies from side to side,
examining objects with one eye at a time (Natiello, Lewis, & Samuelson, 2005).
Griebel & Schmid (1996) used behavioral discrimination experiments which
demonstrated that manatees could discriminate blue and green from greys. However, manatees
were unable to discriminate blue-green blends (e.g. turquoise) and red from greys, suggesting
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dichromatic vision capabilities, similar to dogs, which is supported by the presence of two types
of cone cells (Cohen et al., 1982; Griebel & Schmid, 1996). It was also determined by Griebel &
Schmid (1996) that manatees do not seem to be sensitive to the UV-part of the light spectrum
which likely allows for better vision in their low visibility environments as UV vision would add
a blue haze to everything, and decrease long distance visual abilities. Manatees often inhabit
brackish water environments, which increases darkness and reduces contrast, limiting farsighted
vision; however, color vision may help enhance contrast and visual abilities in brackish water
habitats (Griebel & Schmid, 1996). Manatees have demonstrated the ability to discriminate
between brightness levels, comparable to the abilities of carnivorous fur seals, which is
surprising given they forage on plants and navigate through shallow waters (Griebel & Schmid,
1997).
Visual Anatomy & Physiology of Proboscidea
Elephant eyes, although appearing large, are rather small compared to their body size
(Hatfield et al., 2003). The pupil of the elephant is round without any noted specialization, while
the retina of elephants has been found to be positioned to allow for the eyes to scan as the trunk
moves (Hatfield et al., 2003; Pettigrew et al., 2010). The tapetum lucidum of elephants is similar
to that of artiodactyls, however, it is not as reflective as in other mammals (Pettigrew et al.,
2010). The relationship between high ganglion cell densities (greater than 4,000 cell/mm2) and
tapetum lucidum intensity combined with the bluish-color of the tapetum lucidum, suggest that
night foraging for elephants is important. Elephants are most likely diurnal, which is supported
by visual anatomy and physiology according to current literature (Pettigrew et al., 2010). The
visual pigments present in proboscideans, similar to those present in sirenians, suggest
dichromatic color vision (Shyan-Norwalt et al., 2010; Yokoyama et al., 2005). Ganglion cell
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topography has been used to estimate elephant visual acuity; however, further research is needed
in determining visual acuity and function of the elephant’s visual system (Pettigrew et al., 2010).
Visual Anatomy and Physiology of Hyracoidea
Little information is known about the visual system of hyraxes, but it is noted by Sale
(1970), due to the social behavior and underground living quarters of hyrax, that it is unlikely
that hyrax use vision much, if at all. However, it is also mentioned throughout the literature, that
the raising of hair on the dorsal spot on hyrax is likely used as an alarm signal, which would need
to be seen by conspecifics in order to be useful, suggesting visual abilities are present (Sale,
1970). Newman & Robinson (2006) noted that hyraxes have dichromatic color vision and are
diurnal, similar to their sirenian relatives. Further research is needed on the visual abilities of
hyraxes.
VESTIBULAR (BALANCE AND SPATIAL ORIENTATION)
Vestibular Anatomy and Physiology of Sirenia
The vestibular system, while not often considered one of the five basic senses, is an
important sensory system. Sensory organs are those that send information to the brain for
understanding and perceiving our environment, of which, the vestibular system plays a key role
as it not only provides information regarding spatial orientation, but also head position and
balance, and assists with posture and head stabilization during movement (Martin & Clark,
2012).
The semicircular canals of sirenians have been examined both for the manatee and
dugong and have been found to have small arcs, or curves (Spoor, 2018). Furthermore, sirenians
have reduced range of motion for their necks, but do not have an associated reduction of the
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semicircular canals as cetaceans do (Spoor, 2018). Ketten, Odell, & Domning (1992) suggest
that the semicircular canals were poorly developed with small canals. Recent research however
suggests the size of their semicircular canals is similar to that of terrestrial mammals who have
slow movements similar to sirenian’s slow, swimming movements (Spoor, 2018). As mentioned
previously, vestibular systems are often involved in head stabilization, however, given sirenians
do not make fast head movements, stabilization is not as important for them as it is for cetaceans
or other fast-moving mammals and may be why their semicircular canals are reduced. As the
semicircular canals are still present, they likely assist with other vestibular functions used by
sirenians (Spoor, 2018). It is important to note as well that the flippers of sirenians are thought to
serve as paddles and balancing organs, and are likely associated with the vestibular system of
sirenians (Dexler & Freund, 1906).
Vestibular Anatomy & Physiology of Proboscidea and Hyracoidea
No research was found on the vestibular anatomy or physiology of proboscideans or
hyracoideans. Further research is needed in these areas.
CONCLUSION
While the sirenian ear anatomically supports low frequency hearing, studies done by
Gerstein et al. (1999) and Gaspard et al. (2012) suggest manatees hear best at higher frequencies;
it is likely environmental pressures and noise have led to manatees adapting their range of best
hearing to higher frequencies so they can hear within their natural habitats. Proboscideans on the
other hand have large external ears allowing for excellent hearing, with elephants being able to
hear infrasonic sounds and having hearing best adapted to low frequencies; low frequency
sounds are able to travel long distances and allow for communication to occur between elephants
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which are within about 10 km of each other (Garstang et al. 1995). Further research is needed on
the hearing anatomy and physiology of hyracoideans; however, the range of their calls suggests
their hearing range should encompass 1-12 kHz (Weissman et al., 2019).
Sirenians possess vibrissae on their face which assist in tactile discovery and perception
of their food and environment (Sarko et al., 2007). It is possible that the tactile hairs of sirenians
help compensate for other senses which may not be as well developed (Dexler & Freund, 1906).
Sirenians also possess postcranial hairs which likely serve a tactile function and may work
similar to a lateral line system (Bauer, Reep, & Marshall, 2018; Gaspard et al., 2013). It has also
been suggested that the postcranial hairs of sirenians may assist in low frequency hearing when
within close range of the sound source (Gerstein et al., 1999). Proboscideans do not have
documented postcranial hairs like sirenians or hyracoideans, however, they do have hairs
distributed across their body (Rasmussmen & Munger, 1996). The trunks of proboscideans serve
an important role in tactile functions as it is able to perform prehensile abilities and mechanical
dexterity in addition to grasping food and serving as a chemoreceptive organ (Rasmussen &
Munger, 1996; Hoffmann, Montag, & Dominy, 2004). Proboscideans possess vibrissae at their
trunk tip assisting in tactile sensations and behaviors, with the trunk engaging most often in
tactile behaviors (Makecha, Fad, & Kuczaj, 2012). Hyracoideans have vibrissae or postcranial
hairs distributed throughout their pelage and they are thought to assist in environmental
exploration and sensation as well as signaling alert calls to conspecifics (Sale, 1970; Sarko, Rice,
& Reep, 2011; Sarko, Rice, & Reep, 2015).
The extent of sirenians chemoreceptive abilities remains unknown (Wartzok & Ketten,
1999) however, it is likely present and important given their mouthing behavior of environmental
objects (Hartman, 1979). The sirenian tongue has been found to possess about 3,000-31,000 taste
35

buds, allowing for chemoreception to potentially occur via taste rather than olfaction; olfaction is
difficult given their fully aquatic lifestyle with closed nostrils when submerged (Bills, 2011;
Lowell & Flanigan, 1980; Reep & Bonde, 2006, Thewissen, 2008). However, given that
sirenians retain an olfactory bulb, it suggests they are capable of smell (Thewissen, 2018).
Similar to sirenians, proboscideans have few taste buds, however, their role in chemoreception
remains unknown and needs further research (Kubota, 1967). Proboscideans receive chemical
signals via the nostrils located at the trunk tip in two ways. The nostrils transport chemical
signals to the vomeronasal organ by curling their trunk tip into their mouth and directing the
chemical signals to the vomeronasal organ through a duct located in the roof of the mouth.
Alternately, they can receive chemical signals through the nostrils on the trunk tip which are sent
up the trunk, through the nasal turbinates, to be received by the olfactory bulb (Lazar et al., 2002;
Ngwenya et al., 2011; Rasmussen & Schulte, 1998). Proboscideans lack an accessory olfactory
bulb, which is similar to the lack of vomeronasal organ in sirenians (Ngwenya et al., 2011).
Hyracoideans have demonstrated decreased heartrates in the presence of certain chemical
stimuli, suggesting chemoreception mechanisms are present and is likely to occur largely via
olfaction given their nasal structure is similar to that of many other terrestrial mammals (Stobel,
Junold, & Fischer, 2010). The tongue of hyracoideans has few taste buds similar to their
proboscidean and sirenian relatives, however, the role of their taste buds in chemoreception
remains unclear and needs further research (Yoshimura et al., 2008).
The eye of sirenians, while small, is thought to be adapted for focusing on objects at a
slight distance rather than close up (Bauer et al., 2003a). Manatees have demonstrated the ability
to use dichromatic color vision, potentially allowed for better brightness discrimination and
contrast enhancement in their environments (Cohen et al., 1982; Griebel & Schmid, 1996). It is
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suggested by current literature that proboscideans also have dichromatic color vision (ShyanNorwalt et al., 2010; Yokoyama et al., 2005), however, visual acuity has not been determined.
Based on the eye anatomy of proboscideans, their vision is likely suited for diurnal use
(Pettigrew et al., 2010). More research is needed on the vision of hyracoideans, however it is
believed due to their lifestyle that vision is not used much, if at all, but is thought to be present
given the visual alarm calls used (Sale, 1970).
Little research has been conducted on the vestibular systems of Paenungulata, however, it
is known that sirenians have reduced semicircular canals which are similar in size to slow
moving terrestrial mammals (Spoor, 2018). Further research is needed on the vestibular systems
of proboscideans and hyracoideans as no information could be found at this time.
Surprisingly, sirenians have the most research available on their sensory anatomy and
physiology with the majority of information being supplied by research conducted on West
Indian manatees. Hyracoideans have the least amount of research conducted on their sensory
systems which is likely due to their low survival rate when kept in captivity in addition to their
geographic range in Africa and the Middle East.
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Table 1. Summary of sensory modalities between the members of the Paenungulata clade.

Hearing

Sirenia

Proboscidea

Hyracoidea

References

No Pinna.
Hearing Range: 0.2590kHz.
Best Hearing: 6-32
kHz.
Three types of tactile
hair on face. Tactile
hairs may assist in
hearing. Tactile hairs
play a role in
oripulation and
feeding.

Pinna Present.
Hearing Range:
0.016-12 kHz.

Pinna Present.
No known hearing
range.

Gaspard et al.,
2012; Gerstein et
al., 1999; Heffner
& Heffner, 1982

Vibrissae
distributed across
their body,
potentially used to
navigate and sense
environment. May
compensate for
poor vision.

Hoffmann,
Montag, &
Dominy, 2004;

Vomeronasal
organ for
chemoreception.
Taste buds (fewer
than sirenians).
Three nasal
turbinates.

Bills, 2011; Levin
& Pfeiffer, 2002;
Ngwenya et al.,
2011; Plotnik et
al., 2014; Stobel,
Junold, & Fischer,
2010; Thewissen,
2018

Dichromatic color
vision. Diurnal
vision.

Bauer et al.,
2003a; Cohen et
al., 1982; Griebel
& Schmid, 1996;
Hatfield et al.,
2003; Newman &
Robinson, 2006;
Pettigrew et al.,
2010; ShyanNorwalt et al.,
2010; Yokoyama
et al., 2005
Dexler & Freund,
1906; Spoor, 2018

“Finger” at end of
the trunk have two
types of vibrissae.
Vibrissae of trunk
assist in detecting
vibrations and may
have a role as
auditory receptors.
May assist with
vision.
Tongue
potentially
Vomeronasal
Chemoreception
used for taste and
organ and
chemoreception.
olfactory bulb
Olfactory bulb
present. Few taste
present. No
buds on tongue.
vomeronasal organ.
Good sense of
Three nasal
smell and
turbinates.
chemical
detection. Nine
nasal turbinates.
Round, small eyes.
Small eyes.
Vision
Dichromatic color
Unique retinal
vision. Diurnal vision. position to
Vision best suited for accommodate
distance.
trunk. Dichromatic
color vision.
Diurnal vision.

Touch

Vestibular

Flippers serve as
balancing organs.
Semicircular canals
reduced in size,
similar to slowmoving terrestrial
mammals; used for
spatial orientation and
balance.

Unknown.

Unknown.

Rasmussen &
Munger, 1996;
Reep et al., 1998;

Sarko, Rice, &
Reep, 2011)
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CHAPTER 3
PRELIMINARY ASSESSMENT FOR HOW MANATEES (TRICHECHUS MANATUS
MANATUS) USE SENSORY MODALITIES TO FIND FOOD
INTRODUCTION
Manatees, members of the mammalian order Sirenia are completely aquatic herbivores.
Manatees commonly occupy rivers, estuaries, and coastal marine waters, filling a unique
ecological niche. How manatees find their food in their natural habitats remains poorly
understood. Griebel & Schmid (1997) noted that little is known about the senses of manatees,
especially those involved in orientation, navigation, and taste; however, given their herbivorous
diets, their sensory adaptations are of special interest. Studies conducted in the past 20 years
have sought to rectify the limited information known about the senses of manatees which were
discussed extensively in chapter two. In our study, we sought to develop a methodology that
could be used to test the sensory modalities used by manatees to locate food as well as better
understand how the senses of manatees played a role in finding food in their environment when
they knew it was within a close proximity and when it was randomly placed in their habitat.
In a study conducted on bat eared fox and the sensory modalities they used to find food,
cups were used to limit the sensory cues provided, with insects being used as the food item
(Renda & Roux, 2017). Manatees being fully aquatic makes following this experimental design
difficult as food has to be submerged in the water for the manatees to easily access. Furthermore,
sensory cues provided have to be received through the water, rather than air given their lifestyle,
adding a level of complexity to our experimental design. Lastly, as manatees are herbivorous,
their food are plants rather than insects, likely limiting sensory cues such as audition.
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Studying manatees and conducting behavioral tests on them is not an easy task. Not only
are manatees large, completely aquatic mammals, but they are also highly protected under
international laws, and live in tannin-stained water decreasing visibility, making them difficult to
observe. Manatees are also slow moving, spending most of their time submerged underwater,
and are not social animals, except for mother-calf pairs, making it difficult to get large sample
size numbers. Furthermore, the waters inhabited by manatees are commonly inhabited by other
animals such as alligators, crocodiles, and sharks amongst other animals which pose a risk to
humans. Manatees require water temperatures to be above 20°Celsius, so they are commonly
found in tropical regions where temperatures are high and rain occurs often, making working
conditions less than ideal for experimenters.
Manatees are particular in the foods they choose to eat (Gonzalez-Socoloske, 2013;
Gonzalez-Socoloske & Olivera-Gomez, 2019). Manatees are known to consume a variety of
seagrasses as well as algae, often consuming one to seven different plant species as determined
by fecal analysis (Castelblanco-Martinez et al., 2009). Manatees are generalists, consuming
plants from many families (Colares & Colares, 2002; Gonzalez-Socoloske & Olivera-Gomez,
2019; Marsh, O’Shea, & Reynolds, 2011). Plants consumed by manatees are often found
submerged, floating, or along the shoreline of their habitats. However, habitats of many
manatees do not allow for year-round access to food, and as a result the variety of food
consumed changes temporarily and spatially resulting in the need to have a way to find food
when it is available.
Multiple senses could be involved in locating food, including: touch, sound, chemicals
via taste and/or smell, or vision. By understanding what senses are used by manatees to find
food, we can better protect them by making sure the sensory cues they use to find food are not
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blocked by artificial factors, such as fertilizer run-off in their environment, which may block the
chemical signals potentially used by manatees to locate food.
As noted by Marshall et al. (1998) and Reep et al. (2011), manatee vibrissae are used for
tactile purposes, such as inspecting objects before they place them in their mouth. The plants
manatees eat are chosen in part through touch. Once vibrissal contact is made with the plant, the
manatee chooses whether or not to consume that particular plant likely based on various
attributes including texture, chemical production, and possibly appearance. Therefore, it is
thought that tactile receptors of the vibrissae play a role in determining which plants to feed on
(Lowell & Flanigan, 1980), but it is not thought to play a role in the initial discovery of food and
therefore, was not tested in this study as a modality used for finding food.
Hartman (1979) suggested hearing to be the principal sensory modality used by sirenians
and cetaceans. It is not thought to play a role in the initial discovery of food by manatees as
plants do not make noise underwater as carnivorous prey would. While there may be a link
between conspecific chewing sounds and the ability to locate a food source, in this study we
were interested in discovering how the food source was first discovered by a manatee, and as
such, did not test auditory cues as a sensory modality used to find food.
Sirenian vision, although initially considered to be poor given their eye size and shape, is
thought to play a role in focusing on objects, such as food, from a distance (Bauer et al., 2003a;
Dexler & Freund, 1906; Piggins, Muntz, & Best, 1983). Manatees also have dichromatic vision,
which may enable better discrimination in the low light conditions of their natural habitats as it is
more difficult to distinguish color in low light conditions (Griebel & Schmid, 1996).
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Chemoreception abilities of manatees remains poorly known and understood (Wartzok &
Ketten, 1999). However, it is suggested they have chemoreceptive abilities given behaviors such
as mouthing one another (Reynolds, Powell, & Taylor, 2008). Plants may provide manatees with
chemical cues, similar to the cues prey provide carnivorous predators underwater. The extent of
the manatee’s ability to smell is unknown since they close their nasal openings when submerged,
making it difficult for chemicals to enter the nasal cavity (Reynolds, Powell, & Taylor, 2008).
The tongues of manatees contain a few taste buds, allowing for chemoreception to potentially
occur via taste (Lowell & Flanigan, 1980; Reep & Bonde, 2006; Thewissen, 2008).
It is likely that manatees, like other mammals, use multiple modalities in the course of
locating food within their natural habitats (Hartman, 1979; Piep et al., 2008; Renda & Roux,
2017). Manatees have been observed closing their eyes when approaching an object, switching
from visual to tactile cues before touching the object, suggesting the use of multiple modalities in
daily tasks (Reep & Bonde, 2006).
There is currently no research on the memory abilities of manatees, however, research
conducted on elephants, a close relative of manatees, suggests the use of spatial memory to
recognize conspecifics and recall locations of food and water sources (Bates, Poole, & Byrne,
2009; Byrne, Bates, & Moss, 2009; Dale, 2008). It is agreed that the use of memory or spatial
cognition is important for animals to survive, and it is reasonable to think therefore, that
manatees, similar to other mammals, may use memory for locating food in their natural
environments (Macpherson & Roberts, 2010).
In this study we hope to better understand the sensory modalities used by manatees to
find their food. By conducting our research on the feeding ecology of manatees, we will be able
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to increase not only what is known about them, but hopefully provide information to allow for
better protection of their habitats.
The objectives of this study are as follows: Objective 1. To develop and test a
methodology that can test the sensory modalities used by wild manatees to locate food. Objective
2. Preliminarily test which sensory modalities manatees use to find food when they know where
the food is, within a short distance and when they do not know where food is located, at a long
distance, using that methodology.
METHODS
STUDY SITE
Field experiments were conducted in the San San-Pond Sak Wetland Reserve (Humedal
de San-San Pond Sak), Bocas del Toro, Panama. San San-Pond Sak Wetland Reserve is a dark
water habitat, with the water column resembling the color and appearance of tea due to tannins
staining the water. As a result, it is difficult to see through the water much of the day unless the
sun is angled just right (Gonzalez-Socoloske et al., 2015).
Banana leaves and banana fruits were used as the food items in all trials to test the
sensory modalities of manatees in the San San-Pond Sak River. Bananas and banana leaves
which are naturally consumed by the manatees in this river, pose no known threat to their
wellbeing. Banana leaves and bananas show up in the river occasionally due to year-round
harvesting in the surrounding banana plantations. Local fishermen have often observed manatees
eating banana leaves and bananas, and those who used to hunt manatees in the area know it is
effective bait for attracting manatees. Banana leaves and banana fruit have also been used in this
region to attract manatees for previous experiments; during manatee captures using bananas and
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their leaves in this region, manatees were able to find this food no matter where they were placed
in the habitat (Gonzalez-Socoloske et al., 2015). Therefore, manatees must be using a modality,
other than memory of previous locations or random chance, to locate food in their environment.
For each trial, banana leaves were folded, broken, and hung along with banana fruit,
which were scored with a machete, to allow chemicals to disperse into the water. Food was hung
inside the box, partially submerged in the water. Banana leaves and banana fruit will be referred
to as food items hereafter. Banana leaves and banana fruit were used in similar quantities in all
trials.
DESIGN
Five, clear plexiglass boxes were constructed to be 0.61 m x 0.61 m x 0.61 m, using 5.99
mm thick plexiglass, with wooden support frames across the top to allow for the boxes to be
hung from the mangrove trees. Boxes were caulked on the inside seams using clear caulk. Clear
duct-tape® was placed on the outside edges of the boxes to provide additional support. Two
boxes were constructed to be clear, with an open bottom, to test chemoreception + vision. Two
boxes were constructed to be clear with an open bottom, but had pieces of hook-velcro placed
throughout the inside of the box so that black felt could be attached to make the box opaque,
when needed, in order to test chemoreception. One box was constructed to be clear with a closed
bottom in order to be water-tight, to test vision only (Table 2, Figures 2 and 3).
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Table 2. Box Design Allowing for the Control of Sensory Cues Provided.
Chemoreception Vision
Clear Open Box

+a

+

Black Open Box

+

-b

Clear Closed Box

-

+

a

(+) indicates sensory cues provided

b

(-) indicates sensory cues eliminated

Manatees were habituated to the plexiglass boxes for the week prior to the start of
experiments by leaving clear and black open boxes out with food items in them in an alcove
amongst the mangrove trees along San San-Pond Sak river where choice trial experiments were
conducted (9°32’1.896”N, 82°31’30.846”W). Plexiglass boxes were placed along the mangrove
edge with a minimum depth of about a meter. Clear and black boxes with food items were also
placed randomly along the river to assist in the habituation process. The habituation process
helped determine if the designed methodology allowed for the control of sensory cues provided
and if manatees would enter the boxes and eat the food items from the various box types.
During the habituation period, a two-tiered viewing post was built consisting of two
benches on the branches of the mangrove trees. The upper bench was about three meters above
and a meter to the side of where the boxes were hung for the short distance dichotomous choice
trials. The lower tier was about two meters above and two meters to the side of where the boxes
were hung for the short distance dichotomous choice trials. The upper bench allowed for two
people to sit safely and the lower tier allowed for one person to sit safely.
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Trials
Sensory modalities were tested in two ways, short distance trials and long-distance trials.
Short distance trials were conducted using dichotomous choices in order to test the ability of
manatees to find food when they knew food was in the area. Long distance trials were conducted
by placing boxes in random locations where food had not been previously placed in order to test
the sensory modalities used to find food.
Short distance dichotomous choice trials were conducted in an alcove of mangrove trees
found along San San-Pond Sak River, Panama (9°32’1.896” N, 82°31’30.846” W). All boxes
were hung from the same location in the mangrove trees, approximately one-meter apart. Boxes
were submerged to approximately equal depths, about three-quarters of their height. Food items
were hung within one of the boxes. The box the food items were hung in was randomized by
using head and tales. No more than three trials in a row could occur with food in the same box,
positioned left or right, in order to prevent the manatees from learning which box the food was
in.

A

B

C

Figure 2. Box Design. Pictured above (A) clear open box with a banana leaf hanging inside to
test chemoreception + vision, (B) black open box with a banana leaf hanging inside to test
chemoreception only, (C) clear closed box with a banana leaf hanging inside to test vision only.
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A

B

C

Figure 3. Constructed Boxes. Pictured above are the constructed boxes (A) clear open box (B)
black open box (C) clear closed box.

Due to the difficulty of seeing through the water, underwater cameras were placed inside
the test boxes to record the manatees inside the box, in addition to field notes of observations.
For each short distance dichotomous choice trial cameras were mounted at the top of each box,
with the camera angled down to record the opening of the box. The cameras were numbered and
the number of the camera in the box was recorded, along with whether the box had food or no
food. Food items were hung in the designated box and the cameras were reset by canoeing from
our post to where the boxes were positioned. We then canoed back to the post, where we could
observe the manatees from above, and where the canoe could be docked away from the
experimental setup. One person always remained at the post to record the subjects’ choice as the
manatees often began the trial before the canoe was docked. Additionally, the observer recorded
the subjects’ choices during each trial in addition to being videotaped; video footage trumped
observer results if a discrepancy occurred.
Short distance dichotomous choice trials conducted testing chemoreception + vision used
the clear, open boxes. Trials were considered complete once the manatee entered the box, with
the adult manatees fitting about the rostral quarter of their body when inside the entire box.
47

Manatees were allowed to eat the food items for a few minutes as a reward and keep them
participating in the study, then we canoed over to reset the trials by placing new food in the
designated box, and the cameras reset. When we canoed to reset trials, the manatees would swim
to the other side of the alcove or into the open water nearby, and then come back after the canoe
was no longer near the boxes.
Short distance dichotomous choice trials conducted testing chemoreception only, used the
opaque (black), open boxes. Black pieces of felt were mounted on hook-velcro in both boxes to
make them both opaque; clear duct tape® was also used to keep the felt in place as needed.
Trials were considered complete once the manatee entered the box or swam up to one of the
boxes. Manatees were allowed to eat the food items for a few minutes as a reward, then the trial
was reset by placing new food in the designated box, and the cameras reset. Trials were
conducted one after the other, with multiple trials taking place within one day, until the manatees
ceased to participate or environmental conditions did not allow proper visualization. Short
distance trials were conducted over the course of three days, all open clear box trials the first
day, all open black box trials the second day, and all closed clear box trials the third day.
Manatees were found to be most active in these trials from about 1400-1600 hours.
Short distance dichotomous choice trials conducted testing vision only used a clear,
closed box and a clear, open box due to limited supplies. Food items always remained in the
clear, closed box and the entire box was moved from left to right as needed, per the heads/tails
designation. Trials were considered complete once the manatee swam up to one of the boxes
from the side or from below. After a choice was made, food items were placed near the boxes as
a reward and they were allowed to eat for a few minutes before it was removed. The trial was
then reset by placing the box with food on the designated side and the cameras reset.
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Long distance trials were conducted by hanging food items inside the clear open
plexiglass boxes, testing chemoreception + vision, as well as being placed inside the black open
boxes, testing chemoreception only, and without boxes, serving as controls. Boxes with food
items or food items without boxes were hung randomly along the San San-Pond Sak River,
Panama where food had not been previously placed. Boxes were submerged about three-quarters
of their height when initially placed, understanding that water levels changed with the tides. The
time, date, and box type placed along the river was recorded, along with each boxes’ GPS
location. The time and date of when the boxes were checked were recorded continually until the
food was no longer present or had been partially eaten. The box was then moved to a new
location at least two meters away, and new food items hung within the box or without a box.
Data was collected by watching the video recordings of manatees as well as reviewing
field notes. Data are discussed in the results section below.
IACUC procedures were followed for Andrews University.
The permit needed for conducting research on manatees in San San-Pond Sak Wetland
Reserve was applied for and granted from Ministerio de Ambiente de Panamá (Miambiente) in
July of 2019.
RESULTS
During the habituation period we began with all boxes having a hinged door on the
bottom and a rope to pull to open the door to retrieve the food. However, due to time, we
removed the doors as it would have taken too long to habituate them to opening the doors, if they
were even able to. During the habituation period, we drilled holes near the top to allow chemicals
to disburse faster into the river as that seemed to be a limiting factor in the experimental design.
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After the doors were removed, we found that the manatees entered the clear open and black open
boxes and ate the food out of them. It was noted that when food items without a box, clear open
box, and black open box were hung in a close proximity, food items without a box were
consumed first, then food items in the clear open box, and lastly, food items in the black open
box were consumed. After a week of habituation and making the needed modifications to the
boxes for use in limiting sensory cues provided by food, we were able to proceed to the
experiments.
A

B

Figure 4. Choice Trial Set-Up. (A) Clear open boxes set up for choice trial experiments testing
the ability of manatees to find food using chemoreceptive + visual cues. (B) Black open boxes
set up for choice trial experiments testing the ability of manatees to find food using only
chemoreceptive cues.
For the short distance dichotomous choice trials (Figure 4), the percent of correct choices
was calculated for each trial type (e.g. clear open box) by totaling the number of times manatees
chose the correct box containing the food item divided by the number of trials for the box type.
For the clear open box, testing chemoreception + vision (n=9), the percent of correct choices was
67% or 6 out of 9 trials (Figure 5). The black open box, testing chemoreception only (n=5), had
correct choices 3 out of 5 trials or 60% of the time and the clear open box (Figure 5), testing
vision only (n=5), had correct choices 3 out of 5 trials or 60% of the time (Figure 5). The percent
of correct choices was compared to the rate of occurrence at or above the level of chance (50%)
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with all results occurring above the level of chance (Figure 5). Data could not be analyzed for
these trials using statistical analysis given the small sample sizes.
For the short distance dichotomous choice trials, it was a concern that the animals would
swim to the same box every time, positioned left or right, since the same animals may participate
in multiple trials. Food item position was randomized between boxes to help prevent this bias.
Results showed no preference to the box in the left or right position demonstrated for the black
open box, however for the clear open box, manatees chose the left box 7 out of 9 trials and for
the clear closed box, manatees chose the right box for 5 out of 5 trials (Appendix A). Video
footage did not allow for clear differentiation of participating manatees, although there were
usually a few in the area during our trials, with one mother calf pair being documented on many
accounts. The mother was distinguishable in video footage given her engorged mammary glands.
If more than one animal approached the boxes, only the first one to enter or approach the box
counted in our results, although the rate of this occurrence is unknown as the video footage only
captured the manatee inside the open boxes and multiple manatees approaching the box was not
seen in the footage using the closed boxes.
Video footage from the short distance dichotomous choice trials was only available for
11 of the 19 short distance dichotomous choice trials due to corrupt files, recordings which were
not long enough, and manatees not captured in the footage due to angle of the camera or manatee
position relative to the camera angle. Video footage for the open clear box trials was available
for four of the nine trials. Two of the trials using video footage and observer data had a
discrepancy, resulting in video footage results being used in the data analysis. Video footage for
the open black box trials was available for two of the five trials. For the two trials which video
footage was available, observed data coincided with video data. Video footage was available for
51

all closed clear box trials and all results were consistent with the observed data. As a result, there
was a discrepancy rate of about 18% (2 of 11 trials) between video footage and observer data in
our trials.
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Figure 5. Choice Trial Results. Percent of correct choices for each box type in choice trials is
displayed above. Clear open box (67%), black open box (60%), and clear closed box (60%). The
dashed line represents 50% or the rate of chance.
For the long-distance trials, the average minimum time in hours it took manatees to find
the food items placed randomly along San San-Pond Sak River, Panama was calculated for the
various box types (Appendix B). Average minimum time was calculated by computing the
amount of time from initial placement to the time of the check when food was last seen for each
trial, adding together the times for a trial type (e.g. clear open box), then dividing by the number
of trials that took place. The average minimum time for the food items to be eaten from the clear
open box (n=3), testing chemoreception + vision, was 12.0 hours (Figure 6). The average
minimum time for food items to be eaten when hung without a box (n=9), serving as a control,
was 6.89 hours (Figure 6). Manatees never consumed food from the black open boxes in the long
distance trials, but rather two boxes were removed at 22 hours (Appendix B) giving results of
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greater than 22 hours for two trials and one result of greater than 24 hours was obtained for
manatees to find and consume food items. This resulted in the average minimum time for the
food items to be found and consumed from the black open box (n=3), testing chemoreception
only to be more than 22 hours (Figure 6). Animals were not seen nearby when boxes were being
placed for the long distance trials.
n=3*
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Figure 6. Long Distance Experimental Results. Mean minimum time in hours it took manatees
to find and consume the food items placed randomly along the San San-Pond Sak River, Panama
in the various box types. n=3 for boxes; n=9 for no box condition. Standard deviation for the
food items to be eaten from the clear open box and leaves only, no box was 10.69 hours and 9.88
hours, respectively. *Food items were never consumed from the black open box and no standard
deviation can be calculated.
During long distance experimental trials, when boxes were placed along the river,
manatees consumed food items without boxes and food items in the clear open boxes. During
short distance dichotomous choice trials, manatees consumed food items in clear open boxes and
in the black open boxes as well as food items placed outside the closed boxes as rewards (Figure
7). Furthermore, they approached the clear closed box containing food items although they could
not retrieve them in the short distance dichotomous choice trials. Manatees entered boxes and no
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sense of panic was demonstrated while in the box and boxes were large enough that manatees
were able to easily maneuver in and out of the boxes. When manatees were within the entire box,
and their muzzle was seen above the water while they were eating, it appeared about one-quarter
of their body length was within the box.

Figure 7. Manatee Eating Banana Leaves. Antillean manatee (Trichechus manatus
manatus) eating the leaves placed outside the boxes during choice trial experiments.

DISCUSSION
The purpose of this study was to determine if the designed methodology could be used
with manatees to control for the sensory cues emitted from the food source in order to test the
sensory modalities used by manatees to find food when they know food is in the area and when it
is randomly placed throughout their environment. Sensory modalities tested were
chemoreception + vision, chemoreception, and vision. The short distance dichotomous choice
trials were designed to test what sensory modalities manatees use to hone in on food location
when they know it is in the vicinity. Long distance trials were designed to test what sensory
modalities manatees use to find food randomly in their environment, and how long it takes them
to find and consume the food, depending on the sensory modalities given. Furthermore, we
aimed to determine whether there was a difference in sensory modalities used for the different
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task, honing in on food location when within a short distance, versus finding it randomly
throughout their habitat, when food is located farther away.
Overall, limitations for this study were due to lack of time in the field and not knowing
what was needed, given this study was the first of its type. Given more funds, more plexiglass
could have been flown into Panama for more boxes to be constructed. More plexiglass would
have allowed for more boxes to be constructed and more experiments to be run simultaneously,
providing increased sample sizes for all experiments. Originally, we planned to take enough
plexiglass for 10 boxes, but due to the cost of shipment, we thought five boxes would be
sufficient. Additionally, the cameras were a limitation in that they were not reliable, however the
number of cameras, SD cards, and batteries we had were sufficient, had the cameras worked as
intended. Also, given more time to conduct experiments, we could have further increased our
sample sizes allowing for statistical analysis and further conclusions to be drawn, however the
time it took to get permits and boxes made in the field, delayed the start of experimental trials by
a few days.
While similar quantities of each banana leaves and banana fruit were used between trials,
it would be best to use the same number of leaves and banana fruit in every trial to prevent the
potential of varying quantities of chemical cues or a slightly differing visual image provided by
the food items in each trial.
The black open box posed a unique problem in that it appeared manatees were hesitant to
enter the box (Appendix C). When conducting short distance dichotomous choice trials testing
chemoreception only, manatees were only observed to enter the black open box once to retrieve
food, and did not enter again, however, our sample size was small (n=5). They were observed
swimming up to, and around the correct box, but they would not enter the box. None of the black
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open boxes were eaten from in the long-distance trials, while most other locations using no boxes
or clear open boxes were discovered within a 24-hour period of being placed along the river.
However, it was also observed that during the afternoon hours, when manatees were most active
in participating in our experiments, the sun and water caused the opaque plexiglass to act as a
mirror. The effect of manatees potentially seeing a manatee reflected by the box may have been a
confounding factor in this experiment. This confounding factor could be eliminated given more
time to familiarize the manatees with the boxes, eliminating the boxes as a variable in the
experiments.
A limitation to the vision only trials was supplies due to limited funds, as previously
mentioned. We did not have enough plexiglass sheets to construct two, clear closed boxes.
However, since the manatees could not enter the boxes for this trial, a choice was counted when
a manatee swam up to a box, making no difference as to whether the bottom sheet of plexiglass
was present. The box appeared the same from the side with or without the bottom sheet of
plexiglass, unless they swam under the box, and at that point the choice had already been made
per our criteria. The food was always placed in the closed box and the positions of the boxes
changed rather than the position of the food as occurred in the other trials. Therefore, this
limiting factor is not thought to threaten the integrity of the experimental trials testing vision. If
repeated in the future, it is recommended that one more clear closed box be constructed and used.
For the short distance dichotomous choice trials, sample sizes were too small for statistics
to be conducted and as a result, caution should be taken in major implications made by this
study. It is important to note that during short distance dichotomous choice trials, manatees had
been conditioned to know food was present in the area. Food was placed in that location the
week prior to conducting experiments as well as being left out over the weekend and at night
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while trials were not being conducted. Manatees were found to be most active in the alcove short
distance dichotomous choice trials were conducted from about 1400-1600 hours, which was
when the sun hit the water making it easiest for the observers to see through.
One note to be made is in regards to the box position manatees swam to during short
distance dichotomous choice trials when making their choice (Appendix A). Results were
compared to the rate of occurrence at or above the level of chance (Figure 5). This means, with
the box being randomly placed either in the left position or right position, if they always swim to
the same box position, they would swim to the box containing food items approximately 50% of
the time per the law of probability. By results being above 50% it is suggested there are factors,
such as sensory cues, influencing the decision of what box is approached to obtain food. For the
chemoreception + vision experiments, using the clear open box, the manatees chose the box in
the left position for seven of nine trials and only swam to the box positioned on the right two of
nine trials with 67% accuracy in their choice. However, during the trials of the black open box,
testing chemoreception, the manatees swam to the box positioned on the right three of five trials
and to the box positioned on the left for two of the five trials, with 60% accuracy in their choice.
During the trials of the clear closed box, testing vision, the manatees swam to the box positioned
on the right for all five trials with 60% accuracy in their choice. It does not appear that manatees
preferred a given box position overall, however, in the vision experiments, they always chose the
box positioned on the right and in the chemoreception + vision experiment, they chose the box
positioned on the left seven out of nine trials. The manatees participating and making the choices
were not distinguished from one another in this study, and is not thought to be a variable, as we
were interested in how they find the food, not who found the food or how many. However, if
different manatees were present on the different days each trial type was conducted, that may
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account for the difference in box position preference. There could also be other external,
unknown factors in the manatees swimming a majority, if not all the time, to the box in the same
position for certain trials, such as the direction of the current. It has been shown in African
elephants, a close relative of manatees, that they have a preference to choosing objects on the
right side versus the left in choice trials when food was placed in one of two pots on the floor,
five meters apart from each other, and four meters from the elephant participating in the trial
(Dale, 2008). It is possible manatees have a preference to sides as well, however that was not
necessarily demonstrated in this study, but should be looked at in future studies with larger
sample sizes.
While the sensory cues provided by the food items with no boxes and the clear open
boxes were the same, the box played a role in some way, given it took almost twice as long for
the manatees to eat the food items from the clear open boxes versus food items just hanging in
the water. It is possible the boxes limited the diffusion of chemicals into the water for manatees
to readily detect. When banana leaves were broken and placed in the water, you could see the
chemicals on the surface of the water. We drilled holes on the tops of the open boxes to help the
chemicals be able to diffuse in the case the box prevented them from spreading – still, no box
being present allows for faster diffusion of the banana leaf chemicals even with the boxes having
holes drilled in them.
We did not put a time limit on the long-distance experiments initially while running
them, and left the boxes out for days if untouched, except for two black boxes which were
removed at 22 hours. However, after reviewing the data, 24-hours is sufficient time for the
manatees to discover the food items or not, limiting sensory cues. Therefore, in the future, a time
limit of 24-hours should be placed on the experiments and at that time if the plant material has
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not been eaten, move the box or food items to a new location. Additionally, the boxes needed to
be checked more frequently. Weather, time of day, and boat access limited the ability of
checking the boxes at consistent intervals, however, conducted again, it is recommended boxes
be checked at consistent intervals, day and night, rain or shine.
SHORT DISTANCE DICHOTOMOUS CHOICE TRIALS: CHEMORECEPTION + VISION
The goal of this study was to determine which sensory modality manatees use to locate
food in their natural habitats. The percent of correct choices for the clear open box, testing
chemoreception + vision (n=9) was 67% or 6 out of 9 trials (Figure 5). These results are not
surprising as manatees were provided multiple sensory modalities, chemoreception and vision,
during these trials, and literature suggests animals perform better at finding food when provided
multiple modalities rather than just one. Consistent with research conducted on primates, grey
mouse lemurs, animals are often able to find food better when provided multiple sensory
modalities rather than when limited to just one sensory modality (Piep et al., 2008). However,
how well these sensory modalities function alone is also of interest.
SHORT DISTANCE DICHOTOMOUS CHOICE TRIALS: CHEMORECEPTION ONLY
The black open box, testing chemoreception only (n=5), had correct choices 3 out of 5
trials or 60% of the time (Figure 5). Accuracy of choosing the correct box decreased when visual
cues were removed, which makes sense given many mammals perform better when provided
multiple sensory cues, as mentioned previously, rather than limited to the use of one sensory
modality (Piep et al., 2008). It is not known if the velcro or felt released any chemicals into the
water, however, there were the same number and size of velcro pieces in each box as well as the
felt being approximately the same size in each box. If chemicals were released by these
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materials, they were likely in equal quantities during the trials. The duct-tape used to help secure
the felt was on the top of the box, positioned above of the water, so that likely did not released
chemicals into the water, however, if it did it would have also been in approximately equal
quantities between the boxes. Accuracy of choosing the correct box may have also decreased due
to the manatees being repulsed by the mirror-action of the black box.
Little is understood about chemoreceptive mechanisms and their functionality in
manatees; however, chemoreception is thought to exist in manatees given their frequent
mouthing of objects in their environment (Hartman, 1979; Wartzok & Ketten, 1999; Reynolds,
Powell, & Taylor, 2008). It is thought chemoreception occurs via taste buds in sirenians given
their inability to open their nostrils while submerged in order for chemicals to enter the nasal
cavity (Lowell & Flanigan, 1980; Reep & Bonde, 2006; Reynolds, Powell, & Taylor, 2008;
Thewissen, 2008). While caution should be taken in drawing conclusions from this experiment,
given the sample size and lack of statistical analysis, preliminary results suggest chemoreception
plays a role in manatees ability to find food, given their rate of success in choice trials, testing
chemoreception, was above the rate of chance (50%) and their ability to find and consume food
within the black open boxes.
SHORT DISTANCE DICHOTOMOUS CHOICE TRIALS: VISION ONLY
The clear closed box, testing vision only (n=5), had correct choices 3 out of 5 trials or
60% of the time (Figure 5). Accuracy of choosing the correct box decreased when chemical cues
were removed, which makes sense given many mammals perform better when provided multiple
sensory cues, as mentioned previously, rather than when limited to the use of one sensory
modality (Piep et al., 2008). However, the accuracy of choosing the correct box was the same
(60%) when only one sensory modality, chemoreception or vision, was used.
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Vision of manatees was originally considered to be poor due to the size and shape of their
eyes (Dexler & Freund, 1906). However, behaviors observed by Hartman (1979) and Gerstein
(1994) propose vision is used daily by manatees through environmental exploration. Research
suggests that the vision of manatees is best suited for focusing on objects from a distance (one
meter or more) rather than within a close proximity (Bauer et al., 2003a). It has been shown that
manatees have dichromatic color vision, allowing them to see the blue and green parts of the
color spectrum, which may provide contrast in their habitats with limited visibility, due to
tannin-stained water (Cohen et al., 1982; Griebel & Schmid, 1996). While caution should be
taken in drawing conclusions from this experiment, given the sample size and lack of statistical
analysis, preliminary results suggest it is likely that vision plays a role in manatees ability to find
food, given their rate of success in choice trials, testing vision, was above the rate of chance
(50%) and their ability to approach the clear closed box in attempts to obtain food.
LONG DISTANCE TRIALS
During long distance trials, food was placed randomly along San San-Pond Sak River,
Panama using the three different experimental types: food items hanging in the water without a
box, food items hanging in clear open plexiglass boxes, and food items hanging in black open
plexiglass boxes. From this experiment we can see that they find and consume food fastest when
the food items are hung in the water without a box (6.89 hours, Figure 6) and they never
demonstrated the ability to find and eat food items when they are in a black open box (more than
22 hours, Figure 6). However, due to limited data we are unable to conclude which sensory
modality manatees use when finding food randomly located in their environment.
It is possible that different senses provide different ranges for discovering food in their
natural habitat and the use of multiple senses allows better discernment in the locating of food
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(Piep et al., 2008). Both chemoreception and vision have limited understanding in regards to
their anatomy and physiology in manatees, requiring further research to better understand how
manatees utilize chemoreception and vision in unison and in combination, in their daily tasks,
such as finding food.
Manatees may find food in their natural environment based off of location and memory.
Manatees may stumble upon food when swimming through their environment and be able to
recall later where food was found, developing a food map of sorts from the location of food.
When swimming around new places, food may be found, and again remembered and recalled at
a later time. While this seems unlikely to be the primary way manatees discover food, rather than
using their senses, it may be a way they find food every now and again. The possibility that
manatees are able to remember and recall the location of food is reasonable given that spatial in
memory has been found to be used by a number of animals in order to find food including
primates (Janson, 1998), sheep (Dumont & Petit, 1998), cattle (Laca, 1998), and birds (Bennett,
1993; Shettleworth, 1990). No studies were found that have been conducted on the spatial
memory abilities of sirenians; further research should be conducted in this area.
In conclusion, we were able to demonstrate that our experimental design does work, and
that the sensory modalities used by manatees to find food can be tested using this methodology
(Appendix C). It is recommended these methods be used to test manatees in captivity in order to
determine the sensory modalities used by manatees to locate food at short distances. It is also
indicated from our study that more time be given to familiarize the manatees with the boxes to
eliminate the box from being a confounding factor during the experiment. It is thought from
these preliminary results that chemoreception + vision, that is, multiple modalities, are most
efficient for manatees to find food in their natural environment, but chemoreception and vision
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can be used independent of each other to find food, likely with decreased success. From our
results it cannot be concluded if chemoreception or vision is able to provide more information to
the manatee about food location as they approach. The extent to which chemoreception or vision
are able to be used independently to find food, whether honing in on the exact location of food,
or finding it from a distance, remains unknown and needs further research with increased sample
size so statistical analysis can be conducted. From our limited data, we were also unable to
determine a difference of sensory modalities used for locating food at short versus long
distances, but should be considered in future studies.
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CHAPTER 4
CONCLUSIONS
While sirenians, specifically manatees, are the members of the Paenungulata clade which
have the most research conducted on their sensory modalities, there is still much research to be
done on their sensory modalities as well as the sensory modalities of the other members of the
clade. While initial anatomical analysis of sirenian structures, such as the eyes or ear bones of
manatees, suggested a certain degree of functionality, behavioral analysis of these sensory
systems has increased the understanding of how these structures function. Functionality and
usefulness of structures was often found to be improved from what was initially thought based
only on the anatomical structures. However, studies conducted testing visual acuity, ability to
discriminate between parts of the color spectrum, or hearing tests conducted on manatees, are
limited to a couple of published studies supporting these claims, as a result, there is often not
much conflicting evidence. It is recommended that more studies be conducted, especially
behavioral, to validate previous studies and enhance understanding where possible.
It is also noteworthy that most studies conducted on sirenians are based off of West
Indian manatees, specifically, Florida manatees (Reep & Bonde, 2006). While this is a good
start, it is important that all species and subspecies of manatees be tested similarly to see if there
are differences within the sirenian order (Gonzalez-Socoloske, 2013). Given their different
environments, habitats, and amount of human contact, amongst other things, it would not be
surprising if differences are found within the sirenian order. Little research has been conducted
on dugongs, given their location, protected status, and inability to be easily kept in captivity.
However, more information is needed on dugongs, given their different diets, fully marine
lifestyle, and varied anatomical features, it seems unlikely that they would have the same
measures and functionality of sensory modalities as manatees do.
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By reviewing the sensory modalities of the Paenungulata clade, similarities were
expected to be found between sirenians, proboscideans, and hyracoideans that may reveal further
information about their sensory abilities. However, it was found that sirenians have had more
research conducted on their sensory abilities than proboscideans or hyracoideans. Similarities
and differences between the sensory modalities of the Paenungulata clade are outlined in Table
1. Overall, proboscideans and sirenians have hearing ranges that differ extensively, with
proboscideans being capable of low frequency hearing and sirenians having hearing better suited
for high frequencies. It is possible the difference in hearing abilities between proboscideans and
sirenians is due to their different environments, with proboscideans being terrestrial and sirenians
being fully aquatic. Manatees, dugongs, elephants, and hyrax all have at least one type of
vibrissae on their body. All have taste buds in varying quantities. Manatees and dugongs lack a
vomeronasal organ unlike elephants and hyrax. The vision of all members is reduced, with
elephants seemingly having the best vision of the clade. Vestibular research is needed for
proboscideans and hyracoideans, but sirenians are known to have reduced semicircular canals to
assist with spatial orientation and balance as well as their flippers assisting with balancing.
From previous research conducted on manatees, it was believed that vision and
chemoreception are present in manatees, but the extent to which they are used for everyday
navigation of their environments remains unknown as well as the role they play in the acquisition
of food. In our study, we set out to develop a methodology that could be used to test individual
and combined sensory modalities used by manatees to locate food in their environment. We also
sought to find which sensory modalities manatees use to find food and which sensory modalities
were more important for finding food and if that differed based on whether they knew food was
nearby or if they did not know the location of food.
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In our study we were able to develop an underwater methodology to test vision +
chemoreception, vision only, and chemoreception only of manatees. Plexiglass boxes were
constructed to be clear open, black open, and clear closed. Boxes were hung from mangrove tress
along San San-Pond Sak wetlands, Panama for short distance dichotomous choice trials, when
manatees knew food was nearby and for long distance trials, when food was placed randomly
along the river. Manatees demonstrated the ability to enter boxes without distress and consumed
the food items from all open boxes, as well as approached the closed boxes.
While the hearing thresholds of manatees have been determined, it is thought unlikely
that manatees use sound as a way of locating food, given they have an herbivorous diet and most
plants do not provide auditory cues. However, conspecific mastication sounds may alert
manatees to where food is, as they often eat where food is found (Kikuchi et al., 2014; Reynolds,
1981). It was determined that touch was not a likely sensory modality used by manatees to
initially find food given tactile cues require close proximity, and have been found to be used in
determining which food is consumed, but are not likely used in the locating of food initially.
In our research, we tested vision and chemoreception together and apart in order to try
and determine which sensory modality was used to find food. While data were limited, we
believe manatees use both chemoreception and vision when finding food in their natural habitat.
Manatees were found to have the greatest success finding food correctly, when they knew it was
nearby, by using vision + chemoreception. When one of the sensory modalities was taken away,
either vision or chemoreception, their accuracy in choice decreased to 60%, but remained above
the level of chance and had no meaningful difference from choice experiments using multiple
modalities.
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When testing the ability of manatees to find food which was randomly placed around
their natural habitat of San San-Pond Sak River, Panama, they most readily located and
consumed food items which were uninhibited by a box, and it took them about twice as long to
locate and consume food items in clear boxes with vision + chemoreceptive cues provided.
When visual cues were removed, manatees never consumed the food items from inside the black
boxes during our limited number of trials.
From past research, and the research we conducted in Panama, it can be concluded that
manatees have a sense of chemoreception, however, it cannot be differentiated from our research
whether it was a sense of smell or taste that was able to direct the locating of food. Further
research is needed on the anatomical structures and testing of these two senses, if possible, to
determine how they function in these mammals.
While the rate at which the boxes testing vision only were chosen was above the rate of
chance, the manatees always swam to the right in these trials, making it difficult to determine
whether or not they saw the food in that box, or just swam to the box on the right for unknown
reasons. Previous research has suggested that manatees use vision to maneuver their habitats and
as a result, it is likely they use vision to find food, it is just not well understood to what extent
vision plays a role in the locating of food. Vision could potentially be used by manatees to find
food from a distance of one meter or more, or they may use it when within a close proximity of
about 30 cm, or both (Bauer et al., 2003a).
As for a difference in the sensory cues used to find food when the manatees knew that
food was in the vicinity for the choice trials, versus when the food was randomly placed at
locations around the river, conclusions could not be drawn at this time given the limited data
available from our study. However, it was noted that it took the manatees about half the time to
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consume the food items without a box versus those with a box. This suggests, they are either
hesitant to enter the box or the box does not allow chemicals to disburse as quickly, indicating
that the chemicals are an important cue and that in the future, more holes should be drilled
throughout the box to allow for chemical dispersion to occur more rapidly in the water.
All members of the order Sirenia are vulnerable according to the IUCN red list. As a
result, their conservation and better preservation of their habitats is of great importance for these
species. In our study, we focused on the sensory modalities used by manatees to locate food and
how those could be tested. It is important to understand the sensory modalities, especially those
used to find food, in order to better conserve their habitats. If the sensory cues used by manatees
are being inhibited in the environment by anthropogenic factors and/or habitat loss, we need to
know what those sensory cues are in order to allow for their transmission in the aquatic
environment and ability to be received by manatees. If manatees are unable to find food in an
environment, due to limiting factors, there could be consequences including moving to new areas
or even, death. In this study, we hope to have provided more information regarding the sensory
modalities of manatees, aiding in the successful conservation of this vulnerable species.
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APPENDIX A
Right/Left preference towards boxes chosen versus where food was placed.
Box Type

Side Food Was On

Box Chosen

Clear Open Box

Right

Right

Clear Open Box

Right

Right

Clear Open Box

Left

Left

Clear Open Box

Right

Left

Clear Open Box

Left

Left

Clear Open Box

Left

Left

Clear Open Box

Left

Left

Clear Open Box

Right

Left

Clear Open Box

Right

Left

Black Open Box

Right

Right

Black Open Box

Right

Left

Black Open Box

Left

Left

Black Open Box

Right

Right

Black Open Box

Left

Right

Clear Closed Box

Left

Right

Clear Closed Box

Right

Right

Clear Closed Box

Right

Right

Clear Closed Box

Right

Right

Clear Closed Box

Left

Right
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APPENDIX B
Long Distance Experiments Raw Data. Below are the GPS locations, box types, dates and
times boxes were put into as well as removed from San San-Pond Sak River.

GPS Location

Box
Type

Black
9°32’3.0552”N,
Open
82°31’24.7728”W Box

Date Time
Put Put
Out Out Date: Times Checked

Date Time Total
Eaten Eaten Time

15
15 Jul 19: 1100, 1515,1730; 16 Jul
July
19:1730; 7/17/19:0821 *Box
2019 851 removed 7/17/19:0821

>24

9°32'8"N,
82°31'24"W

Black
Open
Box

17
Jul
18 Jul 2019:0950, 1201 *Box
2019 1745 removed 18 July 2019:1500

>22

9°32'1"N,
82°31'18"W

Black
Open
Box

17
Jul
18 Jul 2019: 0946,1205 *Box
2019 1745 removed 18 Jul 2019:1510

>22

Clear
9°31’32.8872”N, Open
82°31’34.6368”W Box
Clear
9°32’5.7264”N,
Open
82°31’34.6368”W Box

9°32'6"N, 82°31'
33"W

Clear
Open
Box

15
Jul
2019 838 15 Jul 2019: 1100

>3.5
15 Jul
hrs,
2019 1530 <7 hrs
>24
hrs,
<41
hrs

15
15 Jul 2019: 1723;
Jul
2019 1538 16 Jul 2019:1724

17 Jul
2019 844

17
Jul
2019 850 17 Jul 2019: 1140, 1420, 1733

>8.5
hrs,
18 Jul
<25
2019 1000 hrs

Leaves
Only 15
9°32’6.9864”N,
(No
Jul
82°31’28.1892”W Box) 2019 845 15 Jul 2019: 1100

>2.25
hrs,
15 Jul
<6.5
2019 1527 hrs

Leaves
Only 15
9°32’5.4564”N,
(No
Jul
82°31’21.4932”W Box) 2019 858 15 Jul 2019: 1100, 1515

>6
hrs,
15 Jul
<7.5
2019 1730 hrs

89

Leaves
Only 15
9°31’57.1368”N, (No
Jul
82°31’26.3928”W Box) 2019 905

15 Jul 2019: 1100, 1515, 1730; 16
Jul 2019:1300,1730; 17 Jul
2019:0821,1145,1420,1730; 18 Jul
2019:1210,1451 *Box removed
7/18/19:1450

>24+
hours

Leaves
Only 17
(No
Jul
Box) 2019 830

>0
17 Jul
hrs,
2019 1145 <3 hrs

Leaves
Only 17
9°32'12"N, 82° 31' (No
Jul
29"W
Box) 2019 840

>0
17 Jul
hrs,
2019 1140 <3 hrs

9°32'2"N, 82°,
31'19"W

9° 36' 9"N, 82°
31'26"W

Leaves
Only 17
17 Jul 2019:1425, 1740; 18 Jul
(No
Jul
2019:0956, 1201, 1458 *Box
Box) 2019 1145 removed 18 Jul 2019:1500

9° 31' 59"N, 82°
31'16"W

Leaves
Only 17
(No
Jul
Box) 2019 1150

9°32'2" N, 82°
31'19"W

Leaves
Only 17
(No
Jul
Box) 2019 1420 17 Jul 2019:1745

Leaves
Only 18
9°32’4.6068”N,
(No
Jul
82°31’20.5608”W Box) 2019 950 18 Jul 2019:1203

>27.5
hours
>0
hrs,
17 Jul
<2.5
2019 1415 hours

18 Jul
2019 948

>3.5
hrs,
<29.5
hrs

>2.25
hrs,
18 Jul
<5.25
2019 1505 hrs
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APPENDIX C
Still Shots of Manatees Participating in
Experiments. (1a-d) Manatee eating
banana leaf in a clear open box (2)
Manatee swimming beneath black open
box. (3) Manatee approaching clear open
box. (4a-c) Manatee inside clear open box
eating bananas and banana leaves.

1a

1b

1c

1d

2

3

4a

4b

4c
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